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INTRODUCTION 


The conception that rocks of pre-Cambrian age have characteristics entirely differ- 
ent from those of later ages has, little by little, been shown to be untrue. Not all 
types of rocks that occur in later geological times are represented among those of 
pre-Cambrian age, for, undoubtedly, no large groups of rocks of that early time could 
have been the result of the activities of organisms. But most of the rock types that 
are found in the pre-Cambrian can be recognized as having been, originally, similar 
to those of later eras, differing from them only in the degree of the metamorphic 
changes that they have suffered. The pre-Cambrian iron formations, however, are 
thought by some to be unique, formed under conditions that have not been repeated, 
and thus having no exact counterpart among the iron-bearing rocks of later times. - 

Because of their striking appearance and the great deposits of iron ores associated 
with them, the iron formations of the Lake Superior region have received as ex- 
haustive study as have the rocks of any region or of any age. Thus they have come 
to be considered the standard with which all other pre-Cambrian iron-bearing rocks 
are compared. And the theories generally accepted to explain their formation have 
been rather widely accepted for all rocks of somewhat similar characteristics. 

The quantity of iron locked up in the rocks of the Lake Superior iron formations 
is prodigious, and, if it be true, as is usually assumed, that all of them were formed 
in much the same way, it seems impossible to believe that such an accumulation of 
iron-rich sediments could have been accomplished, by normal geological processes, 
within any period of time that it seems reasonable to assume. In other words the 
conclusion that they are the result of unique conditions is justified. 
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There are, however, differences in them that seem to be original and that may 
indicate widely different processes of formation. The iron formations of Keewatin 
age were probably different originally from those of Huronian age; and the composi- 
tion and geological relations of the latter do not seem to have been exactly alike in 
all localities. 

Rocks to which the term iron formation has been applied in regions other than the 
Lake Superior basin vary greatly in the details of their composition and texture. 
Some of them seem to be of the same character as some of the Lake Superior rocks, 
with silica of a cherty or jaspery nature. Others, however, contain silica as detrital 
grains and are actually quartzites with a somewhat unusually large proportion of 
iron oxides. 

Slight as may be the differences among these various iron formations they should 
be considered with the greatest care, since they may indicate that rocks, rather 
similar in appearance and composition, may have been formed by quite different 
processes. If so, it becomes easier to believe that conditions of sedimentation, under 
which iron-rich sediments were deposited in pre-Cambrian times, did not differ rad- 
ically from those under which iron-bearing rocks of later eras were laid down. 


THE LAKE SUPERIOR IRON FORMATIONS 


In the Lake Superior basin the Mesabi and Vermilion ranges lie north of the iake, 
in Minnesota, and the Gunflint range extends from Minnesota into Ontario. South 
of the lake the Cuyuna range is in Minnesota, the Penokee-Gogebic, Marquette, 
Iron River, and Menominee ranges mainly in Michigan, and the Baraboo range in 
Wisconsin. The Michipicoten range is in Ontario northeast of Lake Superior. 

The iron formations of the Vermilion, Gunflint, and Michipicoten ranges are of 
Keewatin age; those of the others are Huronian. 

The Soudan formation of the Vermilion range consists of a jasper rock with which 
local slaty and conglomeratic bands are interbedded. The jasper rocks or jaspilites 
are of several varieties, but all are strikingly banded, with bands from a fraction of 
an inch to several inches in thickness. The following types have been recognized: 


(1) A slightly ferruginous well-banded chert. Iron oxides are subordinate in amount. 

(2) Black banded rock in which bands of dark-gray or black chert are interlaminated with bands 
of magnetite with some amphibole. 

(3) Red banded rocks with red layers made up of quartz with minute flakes of hematite and 
alternate bands high in hematite, usually specularite, with some magnetite in places. 

(4) Rocks with white quartzose bands containing little iron oxide, and alternate iron-rich layers 
in which the iron oxides are mainly red or brown hematite with some limonite. 

(5) A gray banded rock, whose light-colored bands are mainly siderite. 


Commonly the iron formation rests on greenstone, and the order from the green- 
stone up is: cherty rock, usually somewhat brecciated, black banded rock, and red 
banded or white banded rock. Where the formation is thin it may consist entirely 
of the red banded or white banded types. 

Parts of the Huronian iron formations of the Mesabi, Gogebic, and Marquette 
ranges exhibit even banding and brilliant coloration, comparable to the banding and 
coloration of the rocks of the Soudan formation. The iron formations of other ranges 


> 
oa 
| 
t 
4 
7 


LAKE SUPERIOR IRON FORMATIONS 591 


are composed of cherty iron carbonates, ferruginous chert, greenalite, and some 
other silicates, the amount of which depends upon the degree of thermal metamor- 
phism the formation has undergone. The proportions of the various minerals pres- 
ent are strikingly different in the rocks of different ranges. Thus, the Biwabik iron 
formation of the Mesabi range consists chiefly of yellow, brown or green, ferruginous 
cherts and more or less amphibole and siderite. Extensive beds of considerable 
thickness are made up largely of granules of the iron silicate greenalite, enclosed in a 
cherty matrix. At Marquette, the Negaunee iron formation consists of cherty iron 
carbonates, sideritic slates, and jaspilites, which are strikingly banded and commonly 
highly contorted. Bands of bright-red, finely crystalline quartz alternate with dark- 
red to nearly black bands, in which iron oxides are abundant. Ferruginous cherts 
associated with the jaspilites are less brightly colored, and whatever oxides they 
contain are earthy. The iron formations of the Penokee and Gogebic ranges have 
slaty and cherty iron carbonates like those of the Marquette formations and ferru- 
ginous cherts like those of Mesabi. The carbonates, however, are ferro-dolomite as 
well as siderite. At Gogebic some of the rocks contain hematite, limonite, and 
magnetite; others are black and carbonaceous. The Ironwood formation at Gogebic 
consists of slaty and cherty iron carbonate and ferro-dolomite, ferruginous slates, 
cherty, actinolite and magnetite slates and black carbonaceous slates (Van Hise and 
Leith, 1911, p. 231). 

The iron formations are in the middle and upper part of the Huronian series, sepa- 
rated from the Lower Huronian in most places by a marked unconformity; the Lower 
Huronian, in turn, is separated from the Keewatin by an unconformity of major 
magnitude. Usually the iron formations rest on sediments, which, in most cases, are 
quartzites. At Marquette the Michigamme slate, in the middle of which the Bijiki 
iron formation occurs, rests on the Clarksburg volcanics, but the major iron-bearing 
member of that range—the Negaunee—is unconformably below this horizon and 
rests on slate. At no place is Huronian iron formation certainly known to rest 
conformably upon volcanics. 


IRON FORMATIONS IN OTHER PARTS OF THE CANADIAN SHIELD 


In the Canadian part of the Canadian Shield nearly every area of rocks of Keewatin 
type contains bands of iron formation, but most of them are only a few feet thick. 
Almost all have white or red siliceous layers, from a small fraction of an inch to half 
an inch in thickness, alternating with dark layers of which specularite or magnetite 
makes up a considerable part. In most cases these bands of iron formation lie upon 
basic lavas and are covered by flows identical with those beneath. 

At a few localities the iron formations differ rather decidedly from the ordinary 
banded silica type. In the Michipicoten area, northeast of Lake Superior, the 
formation as described by Collins and Quirke (1926, p. 50-78) consists, where com- 
plete, of three members. The lowest one contains iron-bearing carbonates, com- 
monly siderite; above that is one consisting mainly of pyrite, and at the top is the 
normal banded rock in which layers of white, fine-grained silica, with some laminae 
of siliceous carbonate, alternate with black layers, consisting largely of magnetite. 
The largest and most persistent bands have all three members well developed; in 
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other bands either the carbonate or pyrite member or both are lacking. The thickest 
and most extensive band lies upon a thick series of trachytic lavas and is overlain 
by a great thickness of basic lava, many of the flows of which show ellipsoidal struc- 
tures. Several thousand feet stratigraphically above the main iron formation is 
another fairly persistent one, about 50 feet thick, almost entirely of the banded silica 
type. Basic lavas lie both above and below it. At certain other places in the region 
lenses of pyrite or of siderite, with no banded rocks with them, have been considered 
to be iron formation even though many of them show no stratiform structure. 

Farther north, at Lake St. Joseph in the Hudson Bay basin, iron formation, 100 
feet thick or more, is the topmost member of a sedimentary series of unknown age. 
The formation is thin-bedded. Some of the layers contain much magnetite and spec- 
ularite, some are jaspery, and some consist of clastic material with considerable 
carbonate. It is overlain by basic volcanics similar to those elsewhere called Kee- 
watin. 

At several places, north of Lake Superior and east of Lake Nipigon, pre-Cambrian 
iron formations, younger than rocks of Keewatin type, resemble in some respects 
the Huronian iron formations south of Lake Superior. At Little Long Lac a sedi- 
mentary series, unconformably above basic lavas, consists of lenses of conglomerate, 
beds of arkose and of graywacke, and rather persistent bands of iron formation. 
The iron formation is thin-bedded with layers of red to white chalcedonic quartz, 
from an eighth to half an inch thick, alternating with similar dark-gray to black 
layers, which consist mainly of magnetite and specularite. Some of the iron-rich 
bands are interlayered with greenish graywacke, made up of grains of quartz, foils 
of sericite, and fibers of chlorite and actinolite. 

In the eastern part of the Belcher Islands in Hudson Bay sediments rest on and are 
overlain by basic flows and are intruded by sills of basic rock. The sediments are 
stated by Young (1922, p. 8) to be 7872 feet thick and by Moore (1918, p. 412-438) 
9079 feet thick. 

The following section is given by Young. It does not include a few feet of black 
carbonaceous shale immediately underlying the upper volcanics. This shale is 
apparently part of the iron formation, separated from the main part by the thick sill 
of diabase which forms the top member of the measured section. 


Feet 

Quartzite with subordinate amounts of limestone and shale....................... 1646 


The iron formation is in sharp contact with the quartzite that underlies it, and no 
gradation is noticeable between the two rocks. The iron formation varies from 300 
to 400 feet or more in thickness. The upper part, about 120 feet thick, differs con- 
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siderably from the lower; the contact between the two divisions is so persistent that 
it seems likely that it represents a definite horizon. 

The rocks of both divisions of the iron formation are well bedded, and beds only 
5 to 20 feet thick are recogniz*ble for miles along the strike. Most of the beds are 
fine-grained and show no clastic material except possibly a few grains of quartz. 
Most of the lower division consists of interbanded red and gray rocks which vary in 
texture from dense to finely granular. The banding is marked by color, by grain 
size, and by the presence of dark-green layers. Some of the bands are thin, varying 
from mere films to those half an inch thick; others are several feet in thickness. 
The upper 90 feet of the lower division contains two, and in places more, highly 


ferruginous zones. These vary from 10 to 50 feet in thickness and in iron content — 


from 35 to 45 per cent. These highly ferruginous rocks consist almost entirely of 
quartz and iron oxides, both hematite and magnetite, but small quantities of iron 
silicates are present. Many of the red and purple beds which form a large part of 
the less highly ferruginous rocks of this division are granular; granules of quartz, 
turbid due to inclusions of iron oxides, are enclosed in a matrix consisting of finer- 
grained quartz, hematite, magnetite, and a green mineral thought to be, in part at 
least, greenalite. Rhombs of iron carbonate are scattered through these rocks. 

The upper division consists of alternations of dark, dense beds and gray, granule- 
bearing beds. The rocks are less variable and contained less iron than do those of the 
lower division. 

The iron formation of the Nastapoka islands, in the eastern part of Hudson Bay, 
also resembles those of Lake Superior in appearance. Where least altered they 
consist mainly of iron carbonate; where more altered they are jaspers and ferruginous 
cherts. 


IRON FORMATIONS IN PRE-CAMBRIAN SHIELDS IN OTHER CONTINENTS 
BRAZIL 


The great pre-Cambrian iron formations of Brazil differ radically from the Lake 
Superior type. They form part of a sedimentary series of great thickness, which 
rests unconformably upon the gneisses, schists, and granites which form the most 
ancient complex of the Brazilian Shield. 

The iron-bearing series consists of clastic sediments, mainly quartzites, with some 
limestones interbedded. The iron formation itself is a quartzite containing an 
unusually large proportion of specularite. The proportion of iron oxide to quartz 
varies from place to place. In some parts the formation is relatively pure quartzite 
with only scattered flakes of hematite; in others it is almost entirely specularite. 
All the quartz grains are rounded. 

A thickness of 100 to 1200 meters is given for the iron formation, but the true 
thickness may be considerably less than the maximum, as false bedding may have 
been mistaken for true bedding. 


INDIA 


The banded hematite quartzites of India form one member of a thick series con- 
sisting of sandstones, shales, and quartzites, which rests unconformably upon the 
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most ancient rocks of peninsular India—sediments, now mainly quartzites and mica, 
hornblende, and chlorite schists. 

The rocks of the hematite-quartzite group are strikingly banded. They consist 
of very regular, white, gray, bright-red, brown and black layers containing various 
proportions of iron oxides, silica, and silicates. Some of the siliceous beds, which 
consist mainly of cherty quartz, range from white to brownish red. Others are dark 
gray to reddish gray. They contain powdery magnetite and hematite. Others 
are coarse-grained and contain glistening crystals of magnetite or martite. A few 
rhombs of siderite are present, and in some localities,.in banded rock in which brown- 
ish and greenish bands alternate, rhombic bodies df chert enclose small greenish 
granules. Some beds in which hematite is a large constituent thicken and thin 
considerably, and, when examined in detail, the layers are found to be less regular and 
continuous than they seem to be on casual inspection. 


RUSSIA 


The iron formation at Krivoi Rog in the southern Ukraine is the topmost member 
of a sedimentary series which lies, unconformably, upon gneisses and greenstone 
intruded by granite. The sedimentary series includes arkoses, phyllites, talc and 
actinolite schists, along with the iron-bearing beds which are made up of ferruginous 
cherts, some thin layers of schist, and finely banded jaspilites which contain only 


‘quartz and martite. The bands of jaspilite are various shades of gray, blue, and red. 


Those of the ferruginous cherts are thicker than those of jaspilite and, apparently, 
of lower iron content. In places they seem to grade into nonferruginous cherts and 
amphibolite or chlorite schist. The iron formation is about 50 meters thick. 


SOUTH AFRICA 


The iron formations of the Swaziland and Witwatersrand systems of South Africa 
resemble those of the Lake Superior basin in nearly all significant respects. The 
variety known as “calico” rock is conspicuously banded, with bands of dark-weather- 
ing material, chiefly magnetite, alternating with red or white siliceous bands. 

The individual layers range in thickness from a fraction of a millimeter to severa! 
centimeters. Almost all thick ones contain minute laminae of iron minerals in the 
thick cherty bands and of cherty material in the ferruginous bands. Many of the 
chert bands pinch out so that adjacent bands of iron oxides coalesce. Here and there 
the reverse is true, and the iron-oxide bands thin and pinch out. 

Not all the iron formation is conspicuously banded. Many layers, some of them 
thick, have approximately equal amounts of silica and iron oxides, intimately inter- 
mingled. Iron oxides in chert commonly exhibit rhombohedral outlines, or, where 
the crystals are platy, the plates are arranged in a pattern that conforms to that of 
the cleavage planes of a mineral with -hombohedral cleavage. This is taken as 
evidence of the former presence of siderite, now altered to iron oxides. No carbon- 
ates have actually been recognized. The iron formation contains no recognizable 
sediments of mechanical origin. 

There is a regular transition from dolomite, which underlies the iron formation, 


into the iron-formation rocks. 
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ORIGIN OF THE PRE-CAMBRIAN IRON FORMATIONS 


The general character and relations of the iron formations of pre-Cambrian age, 
from widely separated regions, may be summarized as follows: 

(1) The most striking type of iron formation is the finely banded, highly colored 
jaspilite, composed of alternate bands of chalcedonic quartz and some variety 
of iron oxide. 

(2) Movt of the iron formations of the true Lake Superior type contain no clastic 
mirerals. Some rocks, which have been stated to be similar to those of Lake 
Superior, consist mainly of detrital material. Many formations that are 
mainly nonclastic contain some layers of chlorite and actinolite schists, which, 
no doubt, represent fine-grained muddy sediments. 

(3) In many iron formations carbonates, commonly siderite, but also ferro-dolo- 
mite or calcite, are present. In some, in which no carbonates are now present, 
original existence of carbonate is assumed on account of the form or arrange- 
ments of the particles of iron oxide. 

(4) In the iron formations of Huronian age, in the Lake Superior basin, and in 
those of possible comparable age in the Hudson Bay region, greenalite is an 
important constituent of certain beds. Spherical and ellipsoidal grains are 
described in other iron formations, but form alone is not sufficient to justify 
assumptions that these were originally greenalite. 

(5) Most of the iron formations occur in rocks that are clearly of sedimentary 
origin. In some, tuffs have been found, and in others layers of chlorite schist 
and similar schists may be volcanic rocks, but on the other hand they may be 
iron-rich sediments. 

(6) Iron formations of Keewatin type usually lie directly on basic lavas, but, in 
one case at least, the underlying lavas are acid. 

(7) Iron formations in rocks of Huronian type are known to have gradational 
contacts with basic lavas at only a few localities, notably on the Nastapoka 
islands in Hudson Bay. 

(8) In quite a number of cases the series, in which iron-bearing beds occur, rests 
unconformably upon older series, some of which are made up largely of sedi- 
mentary rocks; others contain volcanic rocks. Very commonly the older 
series is cut by intrusives which are beveled by the eee above which 
the iron-bearing series lies. 

The regularity of the banding of most of the iron formations i the Lake Superior 
basin, the occurrence in many of them of thin beds of clastic sediments (mainly mud 
rocks), and the gradation from rocks of clearly detrital origin to typical nonclastic 
iron formations have been rather generally accepted as satisfactory proof of the sedi- 
mentary origin of the iron formations. It was natural that early theories of origin 
should appeal to normal processes of subaerial erosion for the material and to the 
usual methods of deposition in water deep enough and sufficiently far from land so 
that little clastic debris was included. However, in the first monograph describing 
the Vermilion range it was recognized that the thin and numerous alternate bands of 
practically pure silica and iron oxides could not be explained satisfactorily by any 
normal type of sédimentation. Later, alteration was suggested as the means by 
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which original sedimentary material, the cherty iron carbonates, was transformed 
into banded iron formation. Similarity of parts of the Soudan formation, the most 
highly metamorphosed of all the Lake Superior iron formations, to those of other 
ranges seemed to support that conclusion. In other words the Soudan iron forma- 
tion was considered to be sufficiently like the other iron formations so that it seemed 
not unreasonable to attribute the features in which it differs from them to the higher 
degree of metamorphism it has suffered. 

Evidence of a sedimentary origin for the iron formations of Huronian age in the 
Lake Superior basin is even more conclusive than for those of Keewatin age. The 
rocks appear bedded. They grade into normal clastic sediments. Occasional beds 
of clastic material are intercalated in many of the series. And in some of them there 
are persistent beds of greenalite, a mineral so similar to glauconite that it seems almost 
certain that it, too, must be sedimentary in origin. It is thought that iron carbonate, 
which forms a large part of the less-disturbed iron formations, is the most important 
original, iron-bearing mineral in them, and that from cherty varieties of it ferru- 
ginous cherts, magnetite schists, and other rock types containing iron minerals in 
abundance were developed by metamorphism. 

As detailed study of the Lake Superior region continued it became evident that 
the simple theory of origin suggested at first for the iron formations required consid- 
erable modification. Their sedimentary character was more fully corroborated by all 
additional evidence, but the tremendous content of iron in the iron formations is not 
adequately explained by the theory of normal weathering, especially in view of the 
small amounts of iron being carried by the present runoff from rocks that are much 
the same as those that were exposed when the iron formations were being deposited. 

To explain the accumulation of the great thicknesses of the iron formations within 
any reasonable time one must assume that the waters of the sea or lake in which they 
were deposited were abnormally high in iron and silica. The iron formations of 
Keewatin age are interbedded with basic lavas, believed to have been extruded 
beneath the sea. If so, hydrothermal solutions accompanying them must have been 
poured into the water, adding to it a great load of dissolved matter. Moreover there 
must have been intense chemical activity between the water and the hot lavas. Also 
normal runoff from the neighboring land would contribute to the basin of deposition 
whatever material was removed from exposed rocks by weathering, and, if these were 
lavas, the waters flowing from them might contain considerable quantities of iron and 
silica. Thus, if the basins were closed, the water might acquire a much greater 
concentration of iron salts than ordinary surface waters have, part of the dissolved 

material coming from normal weathering, but the greater part being contributed 
directly from volcanic sources or resulting from reactions of water on the hot 
lavas. Minerals would be precipitated as the heated water cooled, by loss of COs, 
with the formation of dolomite or calcite, if the water contained carbonates, or by 
coagulation if the solutions were colloidal. Certain forms in some of the Huronian 
iron formations have been interpreted as algal, but colloidal solutions, on coagulation, 
develop similar-appearing structures without the presence of organisms. In any 
case since the comparatively thin lenses of interbanded silica and iron oxides, so 
common in the Keewatin lavas of most parts of the Canadian Shield, do not contain 
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carbonates and apparently never did, they must be explained by some sort of rhyth- 
mic precipitation such as has been shown to occur in colloidal solutions stabilized 
by organic hydrosols. 

It is difficult to account for the lack of calcium and magnesium minerals if the 
solutions from which the iron formations were deposited came from the parent 
magma of basic lavas. 

To account for so great a quantity of iron it is assumed that some of the lavas were 
extruded practically contemporaneously with the deposition of the iron formations. 
But, in most places, the Huronian iron-bearing rocks are separated from underlying 
volcanic rocks by major unconformities. However, it is argued that the regularity 
of bedding of the iron formations indicates that they were deposited at some little 
distance from the centers of volcanic activity and that, therefore, a local plane of 
unconformity might be present between lavas and iron-bearing rocks derived from 
neighboring extrusions of approximately the same age as those beneath the un- 
conformity. 

Collins (1926, p. 73-78) considered that the iron formations at Goudreau, with 
their three members—siderite, pyrite, and banded silica—were formed by hot springs. 
Microscopic examination of the carbonate and pyrite shows conclusively that they 
were formed by replacement of greenstone. Collins visualized solutions carrying 
iron, sulphur, carbon dioxide, and silica, rising along many channels from hot springs 
marking the waning volcanic activity. At a certain level the lavas were replaced 
by carbonates, whereas higher up pyrite was the replacing mineral. Finally the resid- 
ual solutions flowed out on the surface and, in some way, deposited silica and iron 
oxides in alternate layers. Subsequently more flows covered the whole. Still later 
the beds were tilted so that, in most places, they are now steeply inclined to vertical. 

It is difficult to believe that hot springs could be so numerous and so closely and 
regularly spaced as to produce beds so extensive and with such sharp and regular 
contacts against the carbonate and pyrite members. Recent study shows that 
neither of the latter two types is confined to a single horizon. Each is decidedly 
lenticular, and pyrite and silica bands interfinger. Lenses of pyrite occur within the 
banded silica. member and cherty material in either carbonate or pyrite. Also some 
banded silica iron formations, traceable for distances of several miles, have little 
carbonate or pyrite associated with them. From a theoretical point of view it is 
difficult to believe that the magma, from which came the great thickness of acid lavas 
beneath the main band of iron formation at Goudreau, could have given off, as an 
end phase, hydrothermal solutions sufficiently high in iron to form the replacement 
bodies of siderite and pyrite, both of which must have required a considerable addi- 
tion of iron to the replaced rock. It is more likely that only the banded silica rock 
is true iron formation and that the carbonate and pyrite were formed by metasomatic 
reactions, not contemporaneously with the Keewatin rocks, but long after they had 
been tilted into their present attitude. The occurrence of these replacement bodies, 
adjacent to the banded silica zones, must, therefore, be due to structural causes 
only and has no genetic significance. 

In any case if the pyrite and siderite are of metasomatic origin the quantity of iron 
minerals, the formation of which must be explained by sedimentary processes, is very 
greatly reduced. 
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The iron formation of Lake St. Joseph in the District of Patricia, Ontario, occurs 
in the upper part of a sedimentary series of clastic character, the iron-bearing beds 
contain grains of quartz that appear to be detrital, and cigar-shaped masses that 
may have been concretions of limonite. Evidence of origin is not very conclusive, 
but it seems likely that the formation was originally mainly an iron-rich mud at the 
top of the sedimentary series and that the strong dynamic metamorphism it has 
undergone recrystallized most of the quartz and silicates, dehydrated the limonite 
of the original bog deposits, and changed it into magnetite and specularite. The 


formation is relatively thin, and the amount of iron contained seems not too large . 


to have been derived by weathering. 

The iron formation of Timiskaming age at Little Long Lac north of Lake Superior 
and east of Lake Nipigon is also thin. The typical jaspilite is interbedded in many 
places with graywacke, and lenses of conglomerate occur at various horizons both 
above and below the iron formation. Typical jaspilite contains no clastic material, 
but some of the beds of graywacke contain a considerable amount of iron oxides. 
There are, in the series, certain dark-green rocks whose origin is doubtful. They 
may be lavas or tuffs, but it seems more likely that they are merely iron-rich sedi- 
ments, originally muds, now crystallized to form rocks high in chlorite. Here, as at 
Lake St. Joseph, the hypothesis of derivation of the iron by weathering and deposi- 
tion under delta conditions fits the observed facts satisfactorily. 

The iron formations of Brazil differ fundamentally from those of Lake Superior. 
The iron-bearing beds are quartzites, the only unusual features of which are the rela- 
tively large proportions of iron minerals, the small amounts of other heavy minerals, 
and the uniformity in size of grain. Carbonate rocks are interbedded with hematitic 
quartzite, but the iron ores occur with the quartzite, not with the carbonates. There 
is no gradation of carbonates through ferruginous cherts into iron formation and no 
evidence of slumping in the iron-formation beds as there should have been had they 
been derived by the breaking down of ferruginous carbonate. Where the grade of 
metamorphism is high and the quartzite has become a quartz schist there are lenses 
and layers of amphibolites which probably represent original, limey beds, but, in 
many places, carbonate layers interbedded with the banded iron formation have 
not suffered severe metamorphism as they should have if the banded character of the 
hematitic quartzite were due to rearrangement by dynamic metamorphism. The 
quantity of iron in them is stupendous, but the beds seem undoubtedly to be the 
result of normal erosion of an area in which the rocks were of somewhat unusual 
composition and conditions of weathering and deposition remained uniform for a 
very long time. 

The similarity of the hematitic quartzites of India to those of Brazil suggests a 
similar mode of origin of the two great series, but detailed studies of some of the iron 
formations of the northeastern parts of peninsular India have led to some quite di- 
vergent views concerning the source of the iron and the processes by which the mate- 
rials of the iron formations accumulated. Jones (1934, p. 199-200) compares them 
to the iron-bearing rocks of Lake Superior. He points out the lack of grains that can 
be proved to be of clastic origin. Siderite is much less abundant than in the Huronian 
iron formations of Lake Superior, but the form and arrangement of some of the iron 
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oxides are interpreted as due to pseudomorphism after carbonates. Greenish chert 
granules in some beds are somewhat similar in appearance to greenalite. The most 
abundant original iron mineral is thought to have been limonite or a related ferric 
hydrate. 

Two diametrically opposed theories suggest that metasomatic replacement played 
an important part in the development of the hematitic quartzite. The rocks of the 
series in which the iron formation occurs are cut by basic intrusives. According to 
one theory, quartz of porous, sandy, and shaly beds of the original quartzose sedi- 
ments was partially replaced by iron minerals that derived their iron from solutions 
emanating from the parent magma of the basic intrusives. 

A somewhat similar mode of origin has been suggested for the iron-bearing rocks of 
Pilot Knob, Missouri, where originally shaly sediments are thought to have been 
replaced by hematite, sericite, and quartz. Evidence that iron at least was available 
is furnished by the occurrence of the neighboring Iron Mountain ore bodies, which 
are quite clearly the type usually considered to be formed by hydrothermal solutions. 

The other theory depends largely upon the fact that the Indian iron formations are 
associated with metamorphosed tuffs and volcanic flows which occur near the top 
of the iron-ore series. Some of the tuffs are easily recognizable; other rocks, thought 


to be tuffs, consist almost entirely of fine-grained chlorite and are not distinguishable © 


from sediments. The banded hematitic quartzites are believed, by Dunn, to be the 
result of silicification of ferruginous shales and schists. Some of the quartzites are 
undoubtedly normal clastic sediments, but, in places, carbonaceous schists grade 
into black quartzite or into rocks with black, gray, or white bands. Sericitic rocks 
become gray cherts, and chloritic ones grade into green cherts or rocks banded in 
green and white. Some lavas are silicified. In all cases remnants of unreplaced 
material can be recognized in the metamorphosed rock. 

There is no evidence that the lavas are of marine origin; some of the conglomerates 
rest upon weathered tuffs. The sandy beds are assumed to have formed in local 
lakes or as river deposits. The conditions of formation of the series are therefore 
thought to be those of normal sedimentation in the early part of the period. Duringa 
later stage tuffs, flows, and sediments were laid down alternately, chiefly under sub- 
aerial conditions. They were, therefore, subjected throughout their accumulation 


to very active attack, both by ordinary weathering processes and by vapors aad solu- - 


tions associated with the volcanic activity. The chlorite schists are high in iron, 
both as magnetite and combined in the chlorite. Oxidation resulted in the formation 
of hematite and of hematite schists, some of which contain sufficient iron to be ores. 
Hematite schists are interbedded with clastic sediments, evidently deposited in local 
basins. As a further stage, solutions, derived from the contemporaneous volcanic 
activity, are assumed to have silicified the hematitic schists into rocks of quartzitic 
aspect. These were the chief source from which ore bodies were later formed by 
leaching of silica by surface waters. Thus the banded character of the iron forma- 
tion is due to retention of the fine original stratification of the tuffs, and the iron 
oxides were formed by oxidation of the iron minerals of the tuffs. The quartzitic 
nature of the rocks is the result of metasomatic introduction of quartz by hydro- 
thermal solutions associated with volcanic activity. 
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Undoubtedly, under certain conditions, extensive silicification can be accomplished 
by hydrothermal solutions so that rocks of rather different compositions are changed 
into somewhat similar end products. Thus lavas have been altered to a rock that is 
lithologically a quartzite. The silicification of iron-rich schists by waters, emanating 
from a magma so basic that the tufis formed consist almost entirely of chlorite, may, 
however, be questioned. Moreover, silicification of flat-lying iron-bearing sediments 
to form hematitic quartzites postulates an extremely regular penetration of the beds 
for very considerable distances laterally. It would seem much more likely that re- 
placement would be limited along the bedding and would produce bodies of quite 
irregular form. 

A theory for formation of iron-rich beds, different from any suggested, appeals to des- 
ert conditions of accumulation of iron compounds (Woolnough, 1941). It is pointed 
out that a climate of average rainfall is considered the normal one, under which most 
surface processes go on. Yet, over large parts of the earth, climatic conditions are 
now arid or semiarid, and probably larger areas have been dry at various geological 
periods. Where rainfall is low and seasonal, water sinking into the soil during the 
rainy season returns to the surface by capillary action during the dry season, bringing 
with it material in solution. On evaporation this forms a crust of which iron hy- 
droxides are typical, if iron salts are abundant in the ground-water solutions. It is 
assumed that repeated periods of rains followed by prolonged dry periods might re- 
sult in a banding of the residues which would simulate bedding. Dynamic meta- 
morphism of the banded crusts might produce from them a rock similar in appear- 
ance to the banded silica iron formation. 

The source of the iron in the iron formations of Krivoi Rog is considered to be the 
gneisses, greenstone, and granite, unconformably beneath the iron-bearing series. 
These ancient rocks were exposed to weathering for a long time before the deposition 
of the iron formation. Hence it is assumed that an iron-rich residual soil was de- 
veloped. Later moist climatic conditions permitted the growth of a heavy cover of 
vegetation. The runoff from this surface, therefore, carried humic colloids, which 
made possible the transportation, also in the colloidal state, of iron and of silica. 
The solutions were carried into a marine basin or into local lakes. The colloidal 
Solutions were coagulated with rhythmic precipitation, in the manner outlined by 
Moore and Maynard (1929, p. 517-520). Decomposition of the abundant organic 
matter, assumed to be present, produced reducing conditions, and iron carbonates, 
therefore, were precipitated. These together with hydrous silicates of the greenalite 
type furnished material suitable for the formation of chlorite rocks and of ferruginous 

and sideritic cherts. Disturbances caused the metamorphism of the original sedi- 
ments into chlorite and hornblende schists and chloritic and sideritic cherts (Svi- 
talsky, 1937). 

Subsequently hydrothermal solutions connected with deep-seated igneous activity 
are assumed to have transformed the sideritic cherts into jaspilites and ferruginous 
chert, part of the chloritic cherts into ferruginous chert, and, in some localities, to 
have leached out some silica and deposited magnetite in its place. 
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SUMMARY 


The origin of iron formations is clearly still unsettled. Several rather different 
types of rocks have been included under one term, and therefore it would be sur- 
prising if all should be of similar origin. Even for those rocks that seem to be identi- 
cal in character, several methods of formation have been suggested, none of which 
is entirely satisfactory. The Keewatin formations of the southern and western 
parts of the Lake Superior basin seem to be explainable as the result of chemical 
precipitation from seas or lakes whose waters were high in iron salts and silica. Prob- 
ably this was due in part, as has been urged, to direct additions of hot waters from 
igneous sources and in part to reactions of the water on the hot lavas. The evidence 
for a similar origin for the Huronian iron formations is less satisfying, since their 
association with volcanic rocks is less close. In some cases no contemporaneous 
volcanic rocks are known. 

None of the banded siliceous iron formations of the Canadian Shield shows any 
evidence of formation by repeated evaporation of ground waters brought to the 
surface by capillary action in semiarid regions. In most of those of Keewatin age 
the iron formations were immediately covered by flows, and the ellipsoidal structures 
both of the overlying and underlying lavas suggest subaqueous conditions. In the 
iron formations of Huronian age, all the rocks immediately above or below were de- 
posited in water. 

So long as all the Lake Superior iron formations and others of somewhat similar 
character were considered to be of the same origin it was impossible to believe that so 
great a quantity of iron minerals could have been accumulated by any ordinary 
geological process in the time that seems reasonable. But it becomes increasingly 
evident that formations even of somewhat similar appearance differ in the details 
of their composition and have evidently formed under different conditions. It is not 
necessary, therefore, to assume widespread operation of a single type of process. 
Moreover the pre-Cambrian iron formations, restricting the term to those rocks that 
contain no clastic material, are so similar in many other respects to sediments of 
later epochs that it seems impossible that the processes under which they were formed 
were unique and occurred only in pre-Cambrian times. It is more likely that accu- 
mulation and precipitation took place under some specially favorable combination 
of circumstances that occurs seldom, but that is not restricted to any age. When all 
the facts about them are available the iron formations will probably be found to offer 
no exception to the principle of uniformitarianism upon which most geological the- 
ories rest. 


QuEEN’s University, Kincston, ONTARIO, CANADA. 
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ABSTRACT 


This paper supplements Seismicity of the earth (Gutenberg and Richter, 1941). Additional 
epicenters for shallow and deep earthquakes are reported. Sixty-four great earthquakes are now 
identified for 1904-1943, and 201 major earthquakes for 1922-1943. New maps are given. Rel- 
ative seismicity of active regions is discussed quantitatively (shallow shocks only). The Pacific 
belt has about 80 per cent and the trans-Asiatic zone about 10 per cent of the general activity. 
Earthquakes, volcanism, and gravity anomalies are discussed in their geographical and dynamical 
relation to structural arcs of Pacific type. These must be maintained by persistent processes in 


which subcrustal currents play a part. 
INTRODUCTION 


Since Seismicity of the earth (Gutenberg and Richter, 1941) appeared new data 
have become available. The International Seismological Summary is now issued 
for earthquakes to the end of 1934. Numerous important shocks occurring since 
1938 can be investigated, using the data of many seismological stations. Although 
numerous station bulletins have ceased to be issued, or to be received at Pasadena, 
some important new stations have commenced operation. 

The magnitude scale (Richter, 1935) is here applied to continue the lists of large 
shocks (magnitude M 2 7.0) through 1943. It also proves feasible to extend the 
list of shocks with magnitudes 7.0 to 7.7 back to the beginning of 1922. Revised 
epicenters for these supply additional material for geographical study. More 
detailed maps and discussion can now be provided for several important regions. 


CORRECTIONS 


The following corrections and additions apply to the previous paper (Gutenberg 
and Richter, 1941). 


Page 6, shock No. 3p. Revised as follows: 1940 July 6, 03:40:18; 13 N. 614 W.; 160 km, 
BBAh. 

Page 7, shock 23h; for 12:50:55 read 20:50:55. 

Page 16, line 15 of Table, 1928 March 9; for 23 N. read 2} S. 

Page 18, lines 7-8 from bottom. This shock proved to be just below the magnitude limit for 


class a. See Table 3 of this paper. 
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Page 19, Table 5, line 5 from bottom, 1918, Aug. 15; for 17:30.2, 53 N., 126 E. read 12:18.2, 
54.N., 123E. 
Page 20, end of Table 5. Two shocks in 1939 should be added. See Table 4 of this paper. 
Page 37, line 19; for February 30 read February 12. 
Page 40, Table 9; for 1939, Sept. 7, read 1939, Sept. 17. For 1940, March 14, revised epicenter is 
553 S. 147 E. 
Page 59, line 6; for December 14 read December 4. 
Page 60, line 8 after the table; for Oct. 17, 1933, read Oct. 27, 1933, 05%. 
Page 63. Shock of June 13, 1934; for 20 N. read 28 N. Shock of Dec. 15, 1934; for 39% E. read 
893 E. 
Page 74. Shock of 1924; Aug. 27; for 22:23:57 read 22:33:57. has 
Page 75, line 12 of the table; for June 5 read June 6. a 
Page 80, lines 9-7 from bottom. Revised: magnitude about 63; 264° S. 117° E., at 01:35:43. 
Page 85, line 4 from bottom; for September read November. | 
Page 86, line 10 from bottom; for 7° N. 38° W. (May 31, 1932); read 8° N. 49° W. (Sept. 12, 1933). | 
Page 88, line 5; for June 23 read June 22. 
Page 90, line 17, following “which are” insert “not”. 
Page 92, line 10 from bottom; for Table 4 read Table 14. 
Page 96, line 4 from bottom; for January 9 read January 24. 


Correction to the first paper listing deep-focus earthquakes (Gutenberg and Richter, a 
1938b): 


Page 268, delete shock S3 and footnote 2. 


MATERIALS USED { 


In using the International Seismological Summary, epicenters, origin times, and 
depths have all been revised with care. Comparatively few changes were necessary 
for the newly issued portion, April 1-December 31, 1934. 

Beginning with 1935, data are taken from the individual station bulletins. Most 
of these were received regularly until 1938. The following discussion shows what 
information has been available since. A month or year given in parentheses without 
remark is the latest for which complete data are on file at Pasadena. 

Reports of the principal stations in the United States and Canada continue to be 
issued, with varying delays. The general bulletin of the Jesuit Seismological 
Association includes preliminary data from their own stations and many others, - 
with epicenter determinations for the better-recorded shocks. Individual bulletins 
are issued for St. Louis, Weston, Fordham, Santa Clara (California), and others. : 
Bulletins from Ottawa give readings for six Canadian stations. Those of the U. S. 
Coast and Geodetic Survey now give readings for 12 stations in the continental 
United States, as well as for College (near Fairbanks) and Sitka in Alaska, Bermuda, i 
San Juan (Puerto Rico), Honolulu, Balboa (Canal Zone), and Huancayo (Peru). | 
(The Huancayo seismograms are finally filed at Pasadena.) By arrangement with _ 
Danish authorities, the same bulletins include readings for Scoresby-Sund and Ivigtut ! 
(both in Greenland) beginning with August 1939. Epicenters and origin times are 
given for many shocks; these are generally accurate and have been very useful. The 
Coast and Geodetic Survey bulletins have been used through September 1942. For 
later dates the office in Washington has kindly furnished data for important shocks. 
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Stations established and operated by the Coast and Geodetic Survey with co- 
operation of the Reclamation Service and (in part) of the National Park Service are: 
beginning in 1938, Boulder City; in 1940, Overton and Pierce Ferry. During 1942 
these and new stations at Shasta Dam and Grand Coulee began recording with 
Benioff seismometers (current bulletins). 

Stations associated with the University of California are: Berkeley, Lick, Palo 
Alto, Fresno, San Francisco, Ferndale. (Bulletins to June 1940; we are indebted to 
Professor Byerly for later readings.) 

The principal station of Mexico is at Tacubaya, D.F., with several auxiliary 
stations (Bulletins to June 1940; preliminary readings for individual important 
shocks, current). Other American stations, with dates of latest bulletins, include 
Fort-de-France (Martinique; 1941), Bogota (current, since April 1943), La Paz (July 
1940), La Plata (1939), Rio de Janeiro (1939), Santiago de Chile (1938). The delay 
of bulletins from South America creates a regrettable gap in our information, not 
completely filled by Bogota and Huancayo. 

For many stations in Europe, and some elsewhere, an important source of data 
was the Bureau Central International Seismologique, at Strasbourg until 1940, 
then at Clermont-Ferrand (latest, Sept. 1941). Current reports continue from 
Coimbra (Portugal) and from Alicante, Toledo, Malaga, and Cartuja (Granada) 
in Spain. Otherwise, latest reports received are: Bucarest (Nov. 1941), Collmberg 
near Leipzig (Sept. 1940), Géttingen (1939), Hamburg (1940), Jena (1939), San 
Fernando (Cadiz; June 1941), Stuttgart (July, 1939), Switzerland (four associated 
stations, Oct. 1942), Trieste (Aug. 1940), Uccle (1939), Upsala (June 1940). For 
Kew (May 1940) some later readings have been reported in Nature. For the stations 
of the first class in the USSR (Baku, Irkutsk, Moscow, Pulkovo, Sverdlovsk, Tash- 
kent. Vladivostok), the latest complete bulletin received was for August 1939; but 
a preliminary bulletin was received for January to August, inclusive, 1941. 

Current reports continue from Ksara (near Beirut). Bulletins from African 
stations were: Algiers (May 1942), Capetown (1940), Helwan (near Cairo; 1942) 
Johannesburg (June 1939). For Tananarive, Madagascar (May 1939), some later 
readings were available through the Bureau Central. 

Asiatic stations include the group in India (March 1941), Phu-Lien in Indo- 
China (Aug. 1941), Hong Kong (suspended operation in May 1940), Manila (Sept. 
1941), Batavia and auxiliary stations in the Netherlands East Indies (1940), Zikawei 
(near Shanghai; 1940). The stations at Nanking and at Chiufeng (near Peiping) 
ceased operation in 1936 and 1937. Their loss is only partially compensated by 
readings from an instrument constructed and operated, under great difficulties, 
by Dr. S. P. Lee at Pehpei (Chungking), beginning with the last quarter of 1943. 

Most Japanese stations had ceased sending reports to Pasadena by the end of 
1938. (Those of the large Central Meteorological Office group never were directly 
available here.) Latest dates are: Hukuoka (June 1940), Mizusawa (Aug. 1940), 
Osaka (Sept. 1940), Palau (Caroline Islands; 1940), Taihoku (Formosa; June 1939). 

For the Australian stations, except for Melbourne (March 1940) and Adelaide 
(June 1942), current reports continue; this includes Brisbane (with recently improved 
instruments and time control), Perth, Riverview, and Sydney. Abbreviated current 
reports for the New Zealand stations are received from Wellington. Apia (Samoa) 
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MATERIALS USED 607 
continues current. Reports for a new and improved installation at Suva (Fiji) 
begin with July 1943. Papeete (Tahiti) was in operation from September 1937 
through June 1939. 

Thus current information on all but the larger shocks is incomplete, especially 
in the southern hemisphere. 

For both shallow and deep shocks the calculation of epicenter, origin time, and 
depth was carrjed out by a method previously described (Gutenberg and Richter, 
1937), using the reported times for a number of widely separated stations. Full use 
was made of the more detailed information derivable from original seismograms at 
Pasadena (with its auxiliary stations), Tucson, and Huancayo, but in no case was 
a determination based exclusively on these. 

Large shocks (classes a and b) may be located fairly with only a few distant stations 
in different azimuths; but most shocks require a better distribution of data. For 
example, shocks in South America have not been used unless well recorded at San 
Juan, or at one station in eastern North America, or in Europe (in addition to Pasa- 
dena and Huancayo). Shocks in the Tonga salient have not been located without 
Apia, Suva, or one New Zealand station together with Riverview, Brisbane, or 
Manila. Shocks in central Asia usually require data from the Russian or Indian 


stations, preferably both. The great~st present difficulty is experienced with shocks . 


in the Indian Ocean or in far southern latitudes. 

Accuracy of determination is regularly indicated by the lettering A, B, C. In 
avery few instances, when an important shock could not be located with the req- 
uisite precision, it has been listed with questioned latitude and longitude. 

Further revision is anticipated. Epicenters and origin times are not likely to be 
modified greatly. Depths are more subject to change, particularly near the boundary 
between shallow and intermediate shocks. Magnitude determinations are in process 
of thorough revision; methods have been refined and more data are being used, partic- 
ularly for 1904-1922. Listing and statistics for large shallow shocks will be modified 
accordingly. The magnitude scale has been extended to deep-focus earthquakes 
(Gutenberg, 1945); it is being applied to those already investigated, and to identifying 
additional large intermediate and deep shocks. 

Determination of magnitudes is handicapped by the small number of stations now 
reporting amplitudes. In a few instances, when the station has reported trace 
amplitudes and instrumental constants, ground amplitudes have been computed. 
Over the whole period studied, beginning with 1904, the stations (in addition to those 
of the Pasadena group) whose data have been most regularly used for magnitude 
were the Indian and Russian groups, Apia, Berkeley, Cartuja, De Bilt, Géttingen, 
Hamburg, Helwan, Jena, Kew, Kénigsberg, La Paz, Leipzig, Osaka, Ottawa, Perth, 
Potsdam, Riverview, Stuttgart, Toledo, Uccle, Upsala and Wien. Some of these 
listed many more amplitudes in the earlier than in the later years, and others dis- 
continued reporting amplitudes. 

Submarine contours on the accompanying maps have been revised, with especial 
attention to charts issued by the American Geographical Society and the U. S. 
Hydrographic Office. We are particularly indebted to the Hydrographic Office for 
making available the latest chart of Antarctica (Hydrographic Office, 1943). The 
maps and other figures have been drafted by Mr. J. M. Nordquist. 
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608 GUTENBERG AND RICHTER—SEISMICITY OF THE EARTH 


DEEP-FOCUS EARTHQUAKES 


The previous catalogue of deep-focus earthquakes (Gutenberg and Richter, 1938p; 
1939; 1941) has been checked against the latest issues of the International Seismo- 
logical Summary (April-Dec. 1934). No revisions have been found necessary, 
Three additional shocks, listed as shallow in the Summary, have been assigned 
intermediate focal depth and added to the catalogue. Deep shocks since 1938 
have been added whenever new data permit a reasonably precisé determination 
(Tables 1 and 2). 

Shock 187 r, given in the second published list (Gutenberg and Richter, 1939, 
p. 1518) should be dated 1933 May 28, not 1933 Mar. 28. 

Of the newly located shocks, the following deserve special attention: 


No. 3 i was felt over most of Panama. 


No. 5 s was felt at Bogota. 
' No. 41 e was felt over a wide area in New Zealand, with maximum intensity slightly over VI 


(Rossi-Forel) (Hayes, 1941). 
No. 170 H is the first well-established shock in the Alaskan-Aleutian arc with a depth exceeding 


100 kilometers. 
No. 170 r has been investigated in detail by Mr. W. R. Filippone (Unpublished thesis, California 


Institute of Technology, 1944). . 
Nos. 229 i and 229 k are in northeastern India, well to the west of the previously identified inter. 


mediate shocks in Burma. 
Nos. 253 p and 253 q represent a new epicenter for intermediate shocks off Sicily. 


The limits between shallow and intermediate shocks and between intermediate 
and deep shocks have been retained at 60 km. and 300 km., respectively. Large 
shocks with depths near 60 km. have been included with shallow shocks in Tables 
3 and 4, where they are indicated by’s attached to the symbol for quality of location. 
Smaller shocks near the same limit are given with the letter S in Table 2. On the 
maps, 5S is used for all shocks with calculated depths between 60 and 100 km. (not 
including any shock in Table 3 or 4); open triangles for intermediate shocks from 
100-300 km., and solid triangles for deep shocks below 300 km. Numbers attached 
to symbols for individual shocks or groups of shocks give the hundreds’ digit of the 
depth in kilometers. 


LARGE SHALLOW EARTHQUAKES 


The symbols for magnitude class are: 


73-83 7.0-7.7 6.0-6.9 5.3-5.9 <5.3 


For the smaller shocks, magnitude has frequently been inferred from the extent and 
quality of recording rather than from instrumental amplitudes. Shocks with instru- 
mental magnitudes about 5} have been taken as of 5.3. Quality of location is i- 
dicated as follows: A, epicenter probably within 1 degree of arc; B, within 2 degrees; 
C, within 3 degrees. 

Table 3 extends the former list of class ’ shocks, which covered the years 1926- 
1933 inclusive, as well as the three shocks of this class in the first quarter of 1934; 
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TABLE 1.—Data for deep-focus earthquakes 


Capital letters in last column refer, in order, to quality of determination of epicenter, origim 
time, and depth—(A) very accurate; (B) good; (C) fair; for probable limits of error see Gutenberg: 


and Richter (1938, p. 260). 


Mexico, CENTRAL AMERICA, CARIBBEAN REGION 
Oc 1942, June 20 10:02:07 19N 101 W 100 BBB 
Of 1941, Feb. 23 11°32:15 18N 100 W 120 BBB 
0o 1941, June 27 17:11:44 172 N 923 W | 220 BBB 
Op 1942, Nov. 12 4:55:34 173 N 94; W |} 90 BBB 
la 1939, Dec. 12 2:50:12 1534 N 913 W | 240 AAB 
1b 1942, April 11 1225-12 142 N 913 W | 140 BBB 
le 1940, July 27 13:32:30 143 N 913 W | 90 AAA 
1f 1943, Aug. 31 16:10:40 144 N 91; W | 80 BBB 
1k 1939, Dec. 26 75-55-11 133 N 883 W | 75 AAA 
lo 1939, July 8 21:31:44 123 N 88 W 90 Ecc 
3g 1939, June 18 16:46:06 10 N 83 W 70 BCB 
a0 1939, Nov. 28 2:09:56 83 N 783 W | 80 BBB 
3q 1939, April 20 17:46:14 13N 603 W | 130 CCC 
SoutH America, INTERMEDIATE SHOCKS 
5s 1942, May 22 10:30:22 4N 744 W | 130 BCC 
8d 1940, Oct. 23 2:23:15 2S 76 W 140 CCA 
8g 1941, Jan. 24 5:44:03 33S 763 W | 120 AAA 
8R 1940, Jan. 7 21:34:48 63S 77W_ | 100 CCC 
9a 1939, Nov. 26 6:26:18 83S 773 W | 130 BCB 
ot 1939, Sept. 20 6:53:12 113S 753 W | 65 BCA 
9u 1940, Aug. 26 2:27:59 113S 75W | 110 BBA 
10g 1939, April 25 22553737 123S 753 W | 150 BBC 
10 t 1941, Sept. 18 13:14:09 132 S 724 W | 100 BBA 
10z 1940, Aug. 4 16:07:05 14S 74W | 120 ccc 
12n 1941, Oct. 15 9:35:15 163 S 733 W | 110 CCB 
12p 1939, Dec. 13 18:45:24 17S 74 W 100 CCB 
a2't 1941, July 10 9:29:42 18S 68 W 120 CCB 
13a 1939, Oct. 7 23:51:18 183 S 70 W 110 BBB 
13 b 1939, Sept. 13 18:03:30 183 S 703 W | 130 BBA 
14d 1940, Oct. 3 4:56:08 21S 70 W 110 CCB 
15g 1939, Nov. 1 19:11:45 2134S 68 W | 240 CCB 
ok 1939, Jan. 18 12:40:11 213S 70 W 70 BBB 
16a 1940, Aug. 7 2:55°07 22S 683 W | 110 BBA 
16b 1939, Oct. 5 4:55:50 22S 67 W | 240 COC 
16f 1940, Oct. 4 7:54:42 22S 71 W 75 BBB 
16k 1941, April 3 15:21:39 223 S 66 W | 260 BBA 
161 1941, April 3 14:55:16 223 S 66W | 250 BCB 
17a 1940, March 24 11:48:39 23S 66 W | 280 ccc 
18a 1940, Sept. 18 15:09:03 23S 68 W 110 CCB 
19 p 1939, Aug. 12 19:41:04 24S 683 W | 70 BCB 
19q 1942, July 8 6:55:45 24S 70 W 140 BCC 
23 I 1940, Feb. 12 0:01:30 263 S 70 W 70 CBB 
23 L 1939, April 18 6:22:45 27S 703 W | 100 AAA 
230 1939, July 8 2:38:00 29S 68 W 170 BCB 
23R 1940, Oct. 1 10:42:38 30S 723 W | 80 CCB 
23S 1939, Feb. 19 12:51:40 303 S 71 W 100 CCB 
24q 1940, Oct. 24 20:06:40 35S 723 W | 80 CBA 
24Q 1940, Sept. 29 1:21:22 35S 70 W 110 CCB 
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GUTENBERG AND RICHTER—SEISMICITY OF THE EARTH 


TABLE 1.—Continued 


Xe Date | || 
SoutH America, VERY DEEP SHOCKS 
28 m 1939, Dec. 24 22:27:40 63S 71W | 600+!) CCC? 
40a 1940, May 1 2:33:50 29S 633 W | 580 CCB 
NEw ZEALAND 
41e 1940, Oct. 7 1:25:39 38S | 1762E | 170 | AAA 
KeERMADEC-SAMOA REGION, INTERMEDIATE SHOCKS 
41k 1943, July 11 2:10:25 32S | 1783 W | 180 BBB 
4in 1940, Jan. 21 4:19:36 32S 178 W_ | 230 CCB 
41g 1934, Sept. 23 7:59:03 30S 177 W 80 BBB 
4ir 1941, Nov. 24 21:46:23 28S 1774 W | 80 ABA 
41S 1940, Feb. 12 8:20:57 23S 1773 W | 200 AAB 
41 T 1943, March 26 17:38:14 23S 176 W | 100 BBB 
42 b 1943, May 12 8:23:15 20S 175 W | 270 CCB 
44n 1940, July 16 22:05:50 16S 174W 150 CCB 
44N 1940, April 14 9:33:22 16S 174W | 200 CCB 
44p 1941, Feb. 24 12:44:09 1534S | 1734 W | 80 CCB 
44s 1939, Jan. 25 20:26:22 13S 178 W_ | 220 CCE 
REcIon, SHocks 300 To 400 km DEEP 
44u 1939, Aug. 2 4:56:50 28S 178 W | 380 
49 b 1941, Nov. 22 4:41:54 16S 174W | 380 CCB 
49d 1941, Jan. 25 23:35:13 16S 1763 W | 370 BCA 
49g 1939, Jan. 5 3:24:55 15S 176W_ | 380 -| CCB 
49i 1943, March 15 22:59:15 144S |177W_ , 300 BBA 
KeERMADEC-Fij1 REGION, VERY DEEP SHOCKS 

49 y 1942, June 15 13:47:12 314S | 179E 550 BCC 
52n 1943, April 28 23:43:18 244S | 180 530 BCB 
52r 1942, Aug. 29 1:39:20 24S 1793 E | 570 BBB 
54d 1943, March 24 11:11:27 2s 179 W_ | 430 CCB 
54x 1940, July 21 18:28:15 22S 179 E 550 CCB 
54 y 1943, March 4 6:32:23 228 1793 W | 600 CCB 
1940, Oct. 30 11:48:28 2134S | 179W | 610 BBA 
59a 1942, July 7 2:83:52 21S 178 W_ | 430 BBA 
59 p 1943, May 28 20:01:30 21S 1793 W | 630 CCA 
60 r 1941, Feb. 22 19:14:49 20S | 1773 W | 500 BCB 
60 t 1941, Dec. 31 17:23:20 | 180 630 
61c 1941, June 21 17:41:35 20S 1783 W | 580 BCA 
1941, Nov. 4 2:26:47 | 178W | 570 BBA 
64 f 1943, June 25 19:13:28 18S 178 W_ | 550 CCA 
64g 1940, Jan. 1 12:15:13 18S 1783 W | 570 BBB 
64m 1941, May 8 10:21:48 17S 179 W_ | 580 ABA 
64p 1939, Oct. 3 13:41:22 16S | 1793 W | 600 CCA 
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TABLE 1.—Contlinued 


No. Date | | | 
Loyatty Istanps TO NEw GUINEA 
65g 1941, Nov. 23 15:59:00 233 S 173 E 100 CoC 
65k 1941, Nov. 5 11:05:29 23S 1723 E | 100 CCE 
66 m 1941, Nov. 5 13:05:22 23S 172E 100 CoOL 
66 r 1940, Sept. 3 1:28:01 22S 1713 E | 100 BBB 
67 a 1942, Sept. 14 11:31:01 22S 1713 E | 130 BBA 
67 b 1940, Sept. 19 18:19:48 24S 171 E 80 AAA 
67 1941, April 18 6:16:03 2134S 171 E 120 BBB 
67d 1940, Jan. 6 14:03:24 22S 171 E 90 AAA 
67 f 1941, July 20 6:01:00 24S 1703 E | 100 ccc 
67h 1943, March 11 9:34:11 22S 170 E 80 BBB 
671 1943, Aug. 1 16:18:31 20S 170 E 230 ABB 
67K 1941, May 7 12:19:44 19S 1693 E | 140 BCB 
67 L 1940, July 21 5:16:03 16S 1693 E | 160 CCA 
67 q 1942, Jan. 29 9:23:44 19S 169 E 130 BBB 
67R 1939, Aug. 12 2:07:27 163 S 1683 E | 180 AAA 
69 t 1939, Oct. 17 6:22:06 14S 1672 E | 120 BBA 
69 w 1939, Sept. 2 8:58:48 13S 1673 E | 100 BCC 
75h 1942, June 3 16:31:10 15S 1664 E | 120 ccc 
75r 1940, Sept. 26 3:56:31 1143S 1664 E | 150 BBB 
75 t 1942, Feb. 16 18:08:15 1134S 166 E 110 BBB 
76 M 1939, Nov. 17 9:01:28 6S 1544 E | 140 CCB 
760 1941, Sept. 4 10:21:44 iS 154 E 90 AAA 
vid 1939, Aug. 25 3:48:17 5S 1522 E 90 BBB 
77h 1941, May 2 9:55:06 6S 1523 E 80 BCB 
81c 1939, March 2 7:00:27 4S 143 E 130 BBA 
81h 1939, Dec. 27 3:02:36 a) 1353 E 80 BBB 
New HEsriwEs, DEEP SHOCK 
81K 1940, May 2 8:24:00 | 193 S | 1694 E | 370 b 
SunpA IsLANpDs, INTERMEDIATE SHOCKS 
89a 1940, Dec. 18 §:32:15 7S 1293 E | 150 ccc 
89 m 1941, Feb. 23 22:30:43 63S 1293 E | 170 Cec 
96 m 1941, Feb. 25 5:37:45 9S 125 E 180 CCB 
96 t 1939, June 4 0:24:00 9S 1233 E 80 Cec 
Vic 1942, Nov. 7 7:32:09 83S 123 E 100 cce 
Java SEA AND FLoreEs SEA, DEEP SHOCKS 
109 b 1943, June 30 10:49:02 7S 122 E 700 CeT 
10d 1941, March 14 16:08:18 78 120 E 550 CCL 
110 f 1939, Dec. 20 13:04:06 7s 120 E 700 CCS 
CELEBES AND MINDANAO, INTERMEDIATE SHOCKS 

117 p 1941, Sept. 17 6:47:57 4S 1214 E | 190 BCC 
1i7r 1939, Dec. 25 20:56:07 4S 123} E | 125 BCC 
118 c 1942, May 28 1:01:48 0 124E 120 ABB 
118 e 1934, Sept. 11 8:13:43 0 123 E 130 BBC 
125 b 1943, June 29 9:05:06 2N 125 E 180 CCB 
125 ¢ 1940, Sept. 12 0:21:21 2N 123 E 100 CEC 
126d 1939, Sept. 16 7:16:26 33 N | 12723 E 90 CCC 
127 ¢ 1940, Oct. 7 6:43:04 5N 126 E 100 BCB 
127 p 1941, June 16 11:26:56 ON 1273 E | 100 CEC 
128 e 1939, Feb. 4 11:34:05 7N 1263 E 
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TABLE 1.—Continued. 


CELEBES TO MINDANAO, DEEP SHOCK 
130 a | 1941, Jan. 2 | 16:49:38 3N 1223 E | 500 | CCB 
Luzon 
| 
133h | 1939, May 6 17:00:07 | 133} N | 1213 E | 110 BBB 
MarIANNE ISLANDS—JAPAN—KAMCHATKA, INTERMEDIATE SHOCKS 
141h 1942, June 14 3:09:45 15N 145 E 80 BCB 
141 q 1940, Jan. 17 1:15:00 17N 148 E 80 AAA 
141 v 1940, Aug. 15 21:23:28 18 N 146 E 150 CCB 
14iy | 1940, Dec. 28 16:37:44 18 N 1473 E 80 AAA 
142h 1943, April 9 8:48:59 19N 146 E 170 BBC 
144s 1941, June 13 22:14:15 23 N 1463 E | 220 ccc 
144.w 1940, April 5 16:35:23 24 N | 143 E 220 CCB 
147 f 1942, Dec. 19 23:10:42 313 N | 1423 E 75 CCc 
152d 1940, July 21 0:01:54 403 N | 1423 E 90 BCA 
152 r 1939, Jan. 13 22:21:56 | 1423 E 70 CCE 
153 r 1939, Oct. 22 14:39:42 423N | 144E 90 BCB 
156h | 1939, Dec. 16 10:46:32 433 N | 1472 E 75 AAA 
158 p 1940, July 4 9:00:28 444.N | 1433 E | 250 BBA 
158q | 1942, March 5 19:48:16 444 N | 1423 E | 260 BBA 
161 p | 1942, Nov. 26 14:27:28 454 N | 150E 110 BBB 
168k | 1941, Sept. 24 1:01:24 51 N 158 E 75 BBA 
ALEUTIAN ISLANDS—ALASKA, INTERMEDIATE SHOCKS 
| 
170B | 1940, Feb.7 17:16:02 |175E | 70 | AAA 
170c 1940, July 14 513N | 1773 E 80 AAA 
170 C 1941, Aug. 4 10:53:09 533 N | 179 E 70 BBB 
170f 1942, Sept. 9 1:25:26 53 N 1645 W | 80 BBB 
170h | 1939, Aug. 20 7:17:26 54N 164 W 75 CCB 
170H | 1941, Aug. 6 6:15:06 553 N | 163 W | 150 AAA 
170i | 1941, Sept. 28 5:33:45 56 N 162; W | 100 CCB 
170r | 1934, May 4 4:36:07 61; N | 1473 W | 80 AAB 
MARIANNE ISLANDS—MANCHURIA—KAMCHATKA, DEEP SHOCKS 
175b | —-1940, July 8 15:16:30 274.N | 130}E | 500 | CCC 
184c | 1940, Nov. 7 13:57:54 30 N 1383 E | 500 BBB 
185b | 1940, June 27 6:52:30 30N | 139E | 400 | CCC 
192m | 1940, April 20 20:18:04 35 N 136 E 400 ccc 
199 m | 1939, Oct. 24 14:43:35 42N 133 E 500 BCC 
206d 1940, Nov. 22 13:06:40 44N 132 E 570 CCB 
214r | —«-1939, May 26 12:18:17 47N | 144E | 420 | BCA 
INTERMEDIATE SHOCKS 
229 c 1940, May 11 21:00:20 233 N 94, E 80 ABB 
229 d 1939, May 27 3:45:44 243 N 94 E 75 ABA 
229 i 1941, Jan. 27 2:30:16 263 N 923 E | 180 BCB 
229k 1941, Jan. 21 12:41:48 27N 92 E 100 ABC 
229m | 1941, Feb. 23 9:56:40 28 N 96 E 90 BBC 
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LARGE SHALLOW EARTHQUAKES 
uallity TABLE 1.—Concluded 
No. Date 
CB Hinpvu 
1940, May 27 4:10:38 37 N 71E | 240 | AAA 
BB 250 n 1940, Nov. 20 17:59:59 36 N 703 E | 200 CCC 
250 o 1941, March 11 21:48:55 363 N 71E 210 BBB 
250 p 1941, April 14 19:32:45 36 N 71E 240 CCC 
—. 250 q 1941, May 15 15:19:52 363 N 70E 230 Cee | S 
CB 250 r 1941, May 17 21:29:34 363 N 703 E | 250 CCB 
AA 250 w 1943, Feb. 28 12:54:33 363 N 703 E | 210 | BBB 
CB 
AA MEDITERRANEAN a 
BC 
ce 253 p 1941, March 16 16:35:15 383 N 113E | 100 | BBB | \ 
CB 253 q 1941, March 16 18:48:21 383 N 113 E | 100 Cce 
CC 
CA SoutH ATLANTIC 
& | 
CB 254 b | 1941, Nov. 15 4:19:54 | 59S | 273 W | 80 BCC 
AA | 
BA 
BA TABLE 2.—List of shocks found to be normal or slightly deeper 
«: (Letter references in the last column are the same as in Table 1) | 
1A 2m 1939, Sept. 28 14:58:27 15} N | 913W | 80 | ACC 
‘A 1939, July 12 22:58:25 33S | 1383E | 60 | BCC 
3B $26 c 1939, June 2 3:33:15 5N |127E | 90 | BCC | 
3B $28 k 1939, Nov. 9 16:06:20 12N | 1434E | 90 | BCC . 
$ 30f 1939, Oct. 10 18:31:59 383 N | 143 E 70 ABC 
1A $30r 1942, Oct. 26 21:09:13 453 N | 1513 E 60 BBB 
‘B $3th 1939, Nov. 18 1:32:48 52 N 157 E 70 BBB 
31m 1939, July 14 8:31:40 533.N | 1609E 60 | BBC 
See Sd 1941, May 6 16:55:36 39N | 70:E | 70 | CCC 
S$ 36a 1941, Dec. 27 18:17:27 36 N 103 W 60 BCB 
B it covers the periods 1922-1925 and April 1934-December 1943, with one addition 
Cc for 1929. The total number of class 6 shocks for 1922-1943 inclusive is 201. This 
listing is probably complete, except for border-line cases near the limits of classes 
B aand c, where omissions presumably are balanced by inciusions. 
A Some shocks in Table 3 appeared in the former paper (Gutenberg and Richter, 
— § 141) among the special regional tabulations. Others are noted as foreshocks and 
g pe 
aftershocks of class a earthquakes. Table 3 shows two instances (in 1922 and 1923) 
when a shock entitled to be considered a major earthquake has proved to be a fore- 
shock of a still greater one. Other instances are known, such as the Oaxaca (Mexico) 


shocks of 1928, when a class 6 shock in March was followed by a class a shock in 
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614 GUTENBERG AND RICHTER—SEISMICITY OF THE EARTH 
TABLE 3.—Shocks with magnitude 7.0-7.7 

Q = Quality (see text); M = Magnitude; s in last column indicates a focal depth of about 60 km. | — 

Date Time Remarks — 
19 

1922, Jan. 6 14:11:02 163 S 73 W Cilitce 19 

1922, Jan. 31 13:17:22 | 41N 1253 W | A | 7.3 | Macelwane (1923) 19 

1922, Sept. 14 19:31:39 | 243N | 1213E | B | 7.2 | Aftershock of Sept. 1, 19» 19 
1922, Oct. 11 14:49:50 | 16S 724W|A/7.2/ 5s 19 

1922, Nov. 7 23:00:09 | 28S 72 W | B | 7.0 | Foreshock of Nov. 11, 44 19 

1922, Dec. 31 7:19:59 | 453 N | 1513 E | A | 7.0 19 

1923, Jan. 22 9:04:18 | 403 N | 1244 W | A | 7.1 | Townley and Allen (1939) 19 

- 1923, Feb. 2 ‘ $:07:38 | 534 N | 162E B | 7.2 | Foreshock of Feb. 3, 16" 19 
- 1923, Feb. 24 7:34:36 | S6N 162} E | A | 7.4 | Aftershock of Feb. 3, 16% 19 
1923, March 2 16:48:52 64 N | 124E Bi 7.2 19 

1923, March 16 | 22:01:38 6N 127 E A | 7.0 19 

_ 1923, March 24 | 12:40:06 | 314N | 101E B | 7.3 | Heim (1934) 19 

1923, April 13 15:31:02 | 564N | 1624 E | B | 7.2 | Aftershock of Feb. 3, 16® 19 

1923, April 19 3:09:08 2§N | 1174E | B | 7.0 19 

1923, May 4 16:26:39 | | 156}W | A | 7.1 19 

1923, June 1 17:24:42 | 352 N | 1412E | A | 7.2 19 

1923, June 22 6:44:33 | 222N 983 E | A | 7.5 19 

1923, July 13 11:13:34 | 31N 1303 E | A | 7.2 19 

1923, Sept. 2 2:46:40 | 35N 1393 E | A | 7.7 | Aftershock of Sept. 1, 25 19 

1923, Sept. 9 22:03:43 | 254 N 91 E ATTA 19 

1923, Oct. 7 3:29:34 12S 1283 E | A | 7.5 19 

1923, Nov. 4 0:04:30 5S 152 E B.i72 19. 

1923, Nov. 5 21:27:53 | | 130E | A | 7.2 19 
: 1924, March 4 10:07:42 93 84 W ATT 19. 
1924, March 15 | 10:31:22] 49N | 1428E | B | 7.0 19. 
1924, July 3 4:40:06| 36N | 84E |B] 7.2 19. 

1924, July 11 19:44:40 | 36N | 84E | A | 7.2 19. 

1924, July 24 4:55:17 | 49S | 159E B | 7.5 | s; revised; No. S 10 19. 

1924, Aug. 14 18:02:37 | 36N 142 E B | 7.0 19. 

1924, Aug. 30 3:04:57 83 N | 1264E | B | 7.3 19. 

1924, Dec. 28 22:54:56 | 434. N | 147E A | 7.0 19. 

1925, Jan. 18 12:05:54 | 474 N | 1533 E | B 7.3 19. 

1925, March 22 8:41:55 | 1843S | 1684 E | B | 7.2 19. 

1925, April 16 19:52:35 | 22N 121 E B|7.1 19, 

1925, May 3 17:21:45 | 127E 19. 

1925, June 9 13:40:41 3S 140 E B | 7.0 19. 

1925, Aug. 19 12:07:27 | 553 N | 168E A | 7.0 19. 

1925, Oct. 13 17:40:34 | 11N 42W | A| 7.0 19; 

1925, Nov. 10 13:50:36 is 1293 E | B | 7.4 19; 

1925, Nov. 13 12:14:45 | 13N 125 E 19; 

19; 

1929, May 26 22:39:54 | SIN 131 W | B | 7.0 | Addendum 19 

19: 
1934, April 15 22:15:13 7zN | 127E A} 7.2 19: 
1934, July 18 1:36:24 8N 823 W | A | 7.4 19 
1934, July 19 1:27:35 4S | 133E B | 7.0 19: 
1934, July 21 6:18:18 | 11S 1653 E | A | 7.2 194 
1934, Nov. 30 2:05:10 | 183N | 1054W | A | 7.0 194 
1934, Dec. 15 1:57:37 | 314 N A} 7.1 
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TABLE 3.—Continued 


60 km, 
Date , Time M Remarks | 
1934, Dec. 31 | 18:45:45 | 32N | 1143W 
1935, Aug. 3 1:10:01 44N 96} E 
1935, Sept. 4 1:37:41 | 2223 N | 1213 E Alaskan shock 10 min. earlier 


1935, Sept. 11 14:04:02 | 43N 1464 E 
Aftershock of 1 


1935, Sept. 20 5:23:01 34S | 1423 E 
1935, Oct. 12 16:45:22 | 40 N | 1434 E 
1935, Oct. 18 0:11:56 | 403 N | 1432 E 
1935, Dec. 14 22:05:25 | 15N 923 W 
1935, Dec. 15 7:07:48 93S | 161E 
1936, Feb. 15 12:46:57 43S 133 E 
1936, Feb. 22 15:31:54 | 4938S | 164E 
1936, April 1 2:09:20} SN | 126E 
1936, April 19 5:07:18 | 7$S | 156E 
1936, June 30 15:06:38 | 503N | 160E 
1936, Aug. 22 6:51:35 | 224 N | 1203 E 
1936, Aug. 23 21:12:10 5N 95 E 
1936, Sept. 19 1:01:47 | 33N | 97}E 
1936, Nov. 2 20:45:56 | 384 N | 1422 E 
1936, Nov. 13 | 12:31:27 | 55$N | 163E 
1937, Jan. 25 6:34:00 | 10S 163 E 
1937, Feb. 21 7:02:35 | 444. N | 1493 E 


RP 


1937, July 22 17:09:29 | 643.N | 1464 W Bramhall (1938); Adkins (1940) 
1937, Aug. 20 11:59:16 | 143 N | 1213 E 
1937, Sept. 27 8:55:10! 9S | 111E 
1937, Dec. 23 13:17:56 | 163N | 984 W 
1938, Jan. 24 10:31:44 | 61S 38 W 
1938, May 12 15:38:57 | 6S 1474 E 
1938, May 19 | 17:08:21) 1S 120 E 
1938, June 9 19:15:08 | 35S 127 E 
1938, June 10 9:53:30 | 25$N | 125E 
1938, June 16 2:15:15 | | 1294 E 
1938, Aug. 16 4:27:50 | 23}N | 943E 
1938, Oct. 10 20:48:05 | 23N | 126hE 
1938, Nov. 5 8:43:21 | 363N | 1413E s | 
1938, Nov. 5 10:50:15 | 374.N | 1413 E 
1938, Nov. 6 8:53:53 | 372N | 1423 E s 
1938, Nov. 6 21:38:47 | 36N | 142E s 
1938, Nov. 17 3:54:34 | 554.N | 1573 W Aftershock of Nov. 10, 20% | 


1939, Feb. 3 5:26:20 | 10}S | 159E 
1939, March 21 | 1:11:09| 13S | 89$E 
1939, May 1 5:58:33 | 40N | 1393E 
— 1939, Dec. 21 | 20:54:48| 10N | 85W 

1940, April16 | 6:07:43 | 52N | 1733E 
—f 1940, April16 | 6:43:07} 52N | 1733E 
1940, Aug. 1 15:08:21 | 44)N | 130E 

1940, Aug. 22 3:27:18 | 53N | 1653 W 
1941, Jan. 16:27:38 | 43S | 152} E 
1941, April7 23:29:17 | 1723N | 78} W 
1941, April 15 | 19:09:56 | 19N | 1023 W 


Previously classed c 


Fisher (1944) 


© 


| 
‘ 
pa 
/ 
/ s 
- 
7 | 
/ 
| 
| 
| 
Ss | 
Fs | 
7. 
i. 
} 
| 
| | 
| 
| 
( | | 
i 


616 GUTENBERG AND RICHTER—SEISMICITY OF THE EARTH 
TABLE 3.—Concluded 
Date Time Q|mM Remarks beir 
1941, May 17 2:24:50 | 10S 1664 E | B | 7.4 - 
1941, June 26 11:52:03 | 1223N | 9223E | A | 7.7 ist 
1941, Aug. 2 11:41:26 | | 178W | 7.1 T 
1941, Sept. 12 7:02:04 3S 1323 E | B | 7.0 yeal 
1941, Sept.16 | 21:39:05 | 2823S | 1773W | B | 7.0 ort 
1941 Nov. 8 23:37:22| 4N |122E | B/7.1 dete 
1941, Nov. 18 16:46:22 | 32N 132 E AAD F 
1941, Dec.5 | 20:46:58 | 8$N | 83W | A | 7.6 
1941, Dec.6 | 21:24:40| 8$N | 84W | A | 7.0 in T 
1942, Jan. 27 13:29:13 | 43S | 135$E | B | 7.1 incl 
1942, April 8 15:40:24 | 134 N | 121E B | 7.6 A 
1942, June 18 9:30:56 ON 142 E B | as 0 
1942, June 24 | 11:16:29| 41S | | Aj 7.1/8 
1942, Aug. 6 23:36:59 | 14N 91 W is 
z 1942, Oct. 20 23:21:43 ON 1224E | B | 7.1 
1942, Dec. 20 14:03:01 | 40N 374 E | B | 7.3 * 
1943, Feb. 22 9:20:45 | 1723N | 1013W | B | 7.5 
1943, March 9 9:48:55 | 60S 27 W 
1943, March 21 | 20:35:43 | 53S | 152hE | B | 7.3 — 
1943, May 2 17:18:09 | | 80W | B | 7.1 1 
4 1943, May 3 1:59:12 | 123N | 125}E | B | 7.3 I 
1943, May 25. | 23:07:36; 7N | 127E | B | 7.7 
1943, June 8 20:42:43 | 4S 1024 E | C | 7.4 I 
1943, Tune 9 3:06:19 | 23S | 100E | C | 7.6 
1943, June 13 5:11:49 | 422N | 143hE | B 7.4] s I 
1943, Sept. 10 8:36:56 | 35N | 134E | B | 7.4 
1943, Sept. 14 2:01:12 | 22S 171E | B/|7.4/s I 
1943, Sept. 14 3:47:15 | 22S 1700E | B/7.2/s 
1943, Sept. 14 7:18:08 | 30S 177W 7.4/5 
: 1943, Oct. 21 23:08:13 | 15S 1774 W | B | 7.0 I 
te 1943, Oct. 23 17:23:16 | 26N 93 E B | 7.0 I 
1943, Oct. 24 16:04:36 | 22S | 174W | B/ 7.0 
4 1943, Nov. 2 18:08:24 | 5823S 25 W B |7.0/s 
1943, Nov. 3 14:32:17 | 61 N | 151 W A | 7.4 worl 
F 1943, Nov. 6 8:31:37 | 6S 1344 E | B | 7.6 (exc 
1943, Nov. 26 22:20:36 | 41 34E Bits repr 
1943, Dec. 23 | 19:00:10, 5$S | 153}E | B| 7.4] s 
the ¢ 
June. With widened limits in time and in distance between epicenters, still more J “PP 
such occurrences might be named. Very exceptional is the remarkable series of Fi 
four major earthquakes off Japan within 37 hours in November 1938; the four ofa 
epicenters are close together, but the data establish that they are distinct. Cpace 
The largest total of class 6 shocks (21) yet determined for 1 year occurred in 1943. § ™P 
This cannot be an effect of uneven reporting. The next longest list for 1 year is for smal 
1923 (17); but four of those are foreshocks or aftershocks, which is not the case in Whe 
1943. shocl 
ord 
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Table 4 extends the list of great shocks from 1939 through 1943, the year 1939 
being repeated from the previous paper to show two additions. One of these is the 
shock in Chile on January 25, 1939 (depth 60-70 km.), formerly in the deep-focus 
list as No. 24 t. 

Thus far, 64 class a shocks from 1904 through 1943 have been identified. No other 
year approaches the activity of 1906, when there were five shocks of magnitude 8 
or more. This represents a release of energy in 12 months far greater than that 
determined for any equal period (since 1904). 

Figure 1 shows the epicenters of all known class a and class 6 shocks, as listed 
in Tables 4 and 5 of the previous paper and Tables 3 and 4 of the present paper. This 
includes all class a shocks during 40 years and all class 6 shocks during 22 years. 

A map showing all shocks of both classes for 40 years should show about twice 
as many 6 shocks. The method of determination is practically uniform over the 


TABLE 4.—Shocks of magnitude 73-8} 
Q = Quality (see text); M = Magnitude; s in last column indicates a focal depth of about 60 km. 


Date Time — — Q M Remarks; Region 
1939, Jan. 25 3:32:14 364 S 724 W 73 s; Chile 
1939, Jan. 30 2:18:27 63S 1553 E 72 Solomon Is. 
1939, April 30 2:55:30 103 S 1583 E 8 s; Solomon Is. 
1939, Dec. 26 23357221 394 N | 383 E 8 Turkey 


1940, May 24 16:33:57 103 S 77 W 8 s; Peru 


Dp 
co 


1941, Nov. 25 18:03:55 374 N | 183 W Atlantic 

1942, May 14 2213°18 #S 814 W 8 Ecuador 

1942, Aug. 24 22250232 1S:S 75 W 8} Peru 

1942, Nov. 10 11:41:27 492 5 32 E 73 S. of Africa 

1943, April 6 16:07:15 | 3023S | 72W 8 s; Chile 

1943, July 29 3:02:16 | 193N | 673 W 2 | NW of Puerto Rico 
1943, Sept. 6 3:41:30 53S 159 E 73 N. of Macquarie I. 


world, so that the figure correctly represents the relative seismicity of different areas 
(except for deep-focus earthquakes, for which Figure 1 of the previous paper is still 
representative). Major activity is concentrated in the circum-Pacific belt and the 
trans-Asiatic zone. Statistical details will be found in a later section. Study of 
the other active belts and regions demands the inclusion of class c and d shocks, with 
supplementary historical information. 

Figure 2 shows the boundaries of the regional maps. In contrast with the mapping 
of a and } shocks, all of which appear on those regional maps which include their 
epicenters, the relative numbers of epicenters of c and d shocks shown on different 
maps, or different parts of the same map, are not significant statistically. The 
smaller shocks are shown only to bring out the active and inactive belts and areas. 
Where well-located @ and 6 shocks are frequent, only a limited number of c and d 
shocks have been included, while in regions of relatively low seismicity every ¢ 
or d shock which could be located accurately has been mapped. Smaller shocks 
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Ficure 1.—World map of large shallow shocks 


TABLE 5.—Additional earthquake epicenters Alaska to Mexico 
Q = Quality, c = class, M = magnitude. 


(For details, see text) 


Date Tine | Qc | Remarks 
SouTH-EAST ALASKA TO VANCOUVER ISLAND 

1940, Jan. 28 8:27:57 | 613 N 137 W | Bd | 5} 
1942, June 12 2:01:32 | 61 N 138 W Cd | 5? 
1920, July 7 18:41:29 | 61 N 140 W Ce 6 

1933, Aug. 31 2:51:40 | 593 N 1373 W | Bd | 5} 
1941, Aug. 10 5:05:17 | 593 N 1373 W | Bd | 5} 
1938, Oct. 14 15:52:16 | 583 N 136 W cats 

1921, April 10 13:40:16 | 54N 134 W Be 64 
1936, Dec. 21 19:03:13 | 524 N 1313 W | Be 64 
1930, July 1 1:09:15 | 524 N 1328W | Bd | 5? 
1938, March 22 15:22:14 | 523 N 132 W Be 6} 
1938, March 22 | 22:27:46 | 522 N 132 W Bd| 5} 
1929, March 1 7:31:13 | 514 N 1303 W | Bc 6 

1929, Sept. 17 19:17:34 | 51 N 131 W Be 64 
1942, March 19 | 11:59:19 | 504 N 131 W Be 6 

1924, March 30 0:08:56 | 50 N 130i W | Bec 6 

1938, April 22 4:15:49 | 493 N 129 W 5} 
1930, April 16 14:30:40 | 493 N 130 W Bd| 54 
1942, June 9 11:06:48 | 493 N 129 W Bd] 53 
1937, Sept. 29 11:30:19 | 493 N 1298W |} Bd| 5} 
1939, July 18 3:26:38 | 49N 129 W |} Ac 64 
1933, May 5 4:14:11 | 49N 129 W Bd| 5} 
1926, Nov. 1 1:39:18 | 483 N 128} W | Ac 64 
1925, Oct. 30 19:41:55 | 484 N 129 W Be 6 

1930, May 31 10:21:53 | 484 N 129 W Bd 54 


1924, Feb. 24 
1941, Oct. 31 
1928, Sept. 11 
1929, Aug. 14 
1926, June 5 
1932, June 20 
1933, July 19 
1941, June 9 
1941, June 9 
1938, May 28 
1936, Sept. 25 
1925, June 4 
1934, July 6 
1939, Dec. 4 
1926, Dec. 10 
1941, Oct. 3 
1932, June 6 
1941, Feb. 9 
1931, Sept. 9 
1937, Feb. 7 
1935, Jan. 2 
1938, Sept. 12 
1941, May 13 
1936, June 3 
1931, Aug. 23 
1940, Dec. 20 
1930, Aug. 5 


Byerly (1937; 1938) 


Sparks (1936) 


OREGON AND NorTHERN CALIFORNIA, SUBMARINE AND COASTAL ; 
5:45:10] 44N | 127W | Cd | 53 
12:41:00 | 43N | 1283W| Cd| 5} 
12:36:19 | 434 N | 130kW] Bc | 6} ; 
19:03:30 | 43N | 130W | Cd | 
19:50:24 | 43N | 1278W] Cc | 6 
9:26:27 | 43N | 1273W]| Bd| 54 
5:06:36 | 43N | 1272W] Bd] 5} 
6:17:26 | | 126W | 5} 
8:43:45 | 422N | 126W | Bd| 5 
; 10:14:01 | 422N | 126W | Ac | 6 
12:53:35 | 423 N | 128W | Bc | 6% 
12:02:52 | 4144 N | 125W | Cc | 6 
22:48:52 | 413 N | 123W/]Ab| 6 | 
23:54:54 | 41N | 1289W| Cd] 
8:38:53 | 408 N | 1206W | Cc | 6 
16:13:08 | 403 N | | Bc | 6 
8:44:22 | 402N | | 
9:44:04 | 403 N 1253W | Ac | 6} 
13:40:40 | 40 N | 124W | Bd| 53 
4:41:34 | 40hN | 1254W] Bd | 53 
22:40:58 | 403. N | Bd] 53 
6:10:43 | N | 125W | Bd | 5} 
16:01:45 | 40N | 126W | Bc | 6 
9:15:13 | 40N | | Ac | 6 
| 18:01:46 | 40N | 125W | Bd] 
23:40:54 | 308 N | 1244W| Bd] 5} 
| 0:11:06 | 392 N | 1272W] Cd | 53 
619 
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TABLE 5.—Continued 


Date | Time Qc | M | Remarks 
NORTHERN CALIFORNIA, INLAND 
1940, Feb. 8 | 8:05:59 | 392 N | 1213 W | Ad | 6 | | 
CENTRAL CALIFORNIA ; 
1 
‘ 1926, Oct. 22 12:35:11 | 362 N 122 W Ac 6 Mitchell (1928) 1 
7 1926, Oct. 22 13:35:27 | 362 N 122 W Ac 6 Mitchel! (1928) 1 
‘ 1934, June 8 4:47:45 | 36N 120} W | Ac 6 Byerly and Wilson (1935) 1 
: 1922, March 10 11:21:20 | 353 N 120}W | Cc 6} 1 
1 
NEVADA 1! 
1! 
1933, June 25 20:45:27 | 393 N 119 W Ac 6 1! 
a 1939, May 11 18:04:42 | 384 N 1172 W | Bd 54 1 
2 1934, Jan. 30 20:16:31 | 38 N 1183 W | Ac | 6} | Callaghan and_ Gianella 16 
(1935) 15 
1s 
OwENsS VALLEY 
19 
1927, Sept. 18 2:07:07 | 373 N 1183 W |} Ac | 6 Blackwelder (1929) Ae 
1941, Sept. 14 18:39:12 | 37.6N | 118.7W) Ac 6 
SOUTHERN CALIFORNIA - 
1941, July 1 7:50:55 | 34.4N | 119.6W| Ac | 6 
1925, June 29 14:42:16 | 34.3N | 119.8W| Ac | 6% | Willis, Byerly, et al. (1925) os 
1930, Jan. 16 0:24:34 | 34.2N | 116.9W) Ad 5} 19. 
1935, Oct. 24 14:48:08 | 34.1 N | 116.8 W) Ad 53 
1940, May 18 5:03:59 | 34.1 N | 116.3 Ad 54 19: 
1923, July 23 7:30:26 | 34N | 117}W | Be | 6% | Laughlin et al. (1923) : 
| 1930, Aug. 31 0:40:36 | 33.9N | 118.6 W) Ad 53 | Gutenberg et al. (1932) 193 
1933, Oct. 2 9:10:18 | 33.8N | 118.1 W) Ad 54 193 
1933, March 11 1:54:08 | 33.6N | 118.0W) Ac 6} | Wood (1933) 192 
1918, April 21 22:32:25 | 332 N 117 W Ac 6} | Townley (1918); Arnold ha 
(1918) 
1937, March 25 16:49:03 | 33.5N | 116.5 Wj Ac 6 Wood (192 than 
1942, Oct. 22 1:50:38 | 33.3N | 115.7W) Ad | 52 t 
1942, Oct. 21 16:22:14 | 33.0N | 116.0W| Ac | 6} — 
1940, May 19 4:36:41 | 32.7N | 115.5 W| Ac | 62 | Buwalda, Richter (1941); dor. 
Ulrich (1941) 
Orr Coast oF LOWER CALIFORNIA 
1939, June 24 16:27:27 | 32N 1173W | Ad | 53 Fig 
1933, Jan. 4 21:10:46 | 283N | 126;W| Bd] 5} zone, 


and 


‘ 


ld 


); 
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TABLE 5.—Concluded 


Latitude, | Longitude, Qc M Sits 


Date Time degrees degrees 


LowER CALIFORNIA AND GULF OF CALIFORNIA 


1935, Feb. 24 1:45:10 | | 115W | Bd | 53 
1934, Dec. 30 13:52:14 | 328 N | 115}W] Ac | 6} 
1940, Dec. 7 22:16:21 | 303N | 53 
1941, April 9 17:08:36 | 30} N | 114W | Bd | 53 
1931, Oct. 1 11:45:38 | 30N | 1144W/ Bc] 6 

1939, May 2 13:14:47 | 293 N | 113W| Be | 63 
1932, July 7 16:15:51| 29N | 113W | Ac | 63 
1939, Dec. 22 6:59:18 | 29N | 114W | Cd] 53 


1941, March 15 | 5:46:23 | 283N | 1133W| Ac | 6 

1934, May 14 13:14:50} 27N | 115W | Cd] 54 
1931, Jan. 17 2:50:14 | | 111W | Bc | 6} 
1932, July 12 19:24:10 | 26 N | 110W | Ac | 63 
1929, Sept. 27 | 23:16:03} 25N | 110:W| Bc | 6 

1936, July 31 17:41:15 | 242N | 1093W] Bd| 53 
1932, April 24 6:10:48 | 244N | 112W | Cd] 53 i 


1931, May 9 10:34:33 | 233 N 1093 W | Bd| 53 
1931, Oct. 26 4:25:00 | 22 N 1083 W | Bd| 5? 
1934, Aug. 26 1:31:21 | 22N 108W | Bd] 5? - 


1931, April 19 2:00:26 | 21N 109W | Bd| 53 
1937, July 11 17:19:27 | 203 N | 1083 W | Bd | 53 


OTHER CORDILLERAN SHOCKS 


1942, Jan. 31 6:49:07 | 51N 124W | Bd} 53 
1939, Nov. 13 7:45:54 | 473 N | 1223W | Cd_| 52 | Coombs, Barksdale (1942) a 
1936, July 16 7:07:48 | 46N 118 W , Ad | 52 | Brown (1937) ee 
1935, Oct. 19 4:48:03 | 46.6N | 112W | Ac | 64 tana (1936); if 
1935, Oct. 31 18:37:49 | 4644 N | 112W | Ac | 6 Gutenberg, Richter (1938a) 
1925, June 28 1:21:06 | 46N 111; W | Ac | 6% | Willson (1926); Byerly re 
(1926) 
1934, March 12 | 15:05:40 | 413 N 1123 W | Ac | 6% | Neumann (1936); Adams 
(1938) 
1938, Sept. 17 17:20:18 | 33 N | 1083 Bd | 53 
1931, Aug. 16 11:40:23 | 30.6N | 104.2W! Ac 63 | Byerly (1934) 
1928, Nov. 1 4:12:49 | 27N 1055 W | Cc | 63 


than class d are never shown, since these occur almost everywhere, and their epi- 
centers have no definite relation to the major active structures. All shocks of class 
d or larger with apparently exceptional epicenters have been specially investigated. 


THE CIRCUM-PACIFIC BELT 
ALEUTIAN ARC 
Figure 3 shows the Aleutian arc and adjacent regions. In the principal active : : 


zone, west of 155° W., epicenters are shown for (1) the known shocks of classes a 
and b, (2) all c and d shocks given in the International Seismological Summary for 
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1931 to March 1934 inclusive, and (3) all known shocks deeper than 50 km. East of 
155° W., and elsewhere outside the active belts, all shocks located are shown. 

The data suggest that the seismicity of the central arc was somewhat overestimated 
in the previous paper. The. frequency of large shocks is definitely less than for 
arcs of equal extent in Japan and Mexico, although still considerably exceeding that 
of many other sectors of the circum-Pacific belt. The seismicity of the Alaska 
peninsula and of central Alaska is not so high. 

For the new intermediate shock, No. 170 H, just north of the Alaska peninsula, 
the epicenter and depth (150 km.) are very well determined. 


Fig. 3 


4, Fig 8 
Fig 
) Fig? 
Fi 3 
INDEX 
Fig6 
To 
REGIONAL 
MAPS f 


FIGuRE 2.—Index map 


ALASKA TO MEXICO 


The epicenters for this sector appear on Figures 3 and 4. The latter shows all 
shocks down to classd for which satisfactory location is possible from the instrumental 
data. Except for the two shocks of class a, the earliest date is 1918. Those not 
previously reported are listed in Table 5. 

Beginning at the north, the first principal feature is the active belt which passes 
west of the Queen Charlotte Islands and ends opposite Vancouver Island. Seismicity 
here is actually rather low, but the region is favorably situated, and the cataloguing 
is correspondingly complete. Three epicenters south and southeast of the end of this 
belt are in a different structural zone. 

Next follows an evident geographical gap in activity. No epicenters are known 
off the coast of Washington. For some shocks (March 16, 1904; March 27, 1927) 
imperfect macroseismic data suggest origination close to the coast; if so, the epicenters 
would still be out of line both with the seismic belt off British Columbia and with that 


off Oregon. 
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An important seismic belt of moderate activity begins off the coast of Oregon at 
about latitude 44° N. and extends southeasiward into California. The belt js 
between 1 and 2 degrees wide; at the coast it extends from near Eureka to Point 
Arena. The northwest-southeast trend is directly aligned with that of the San 
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Ficure 4.—Map, western United States 


Andreas fault and parallel structures, suggesting that they continue on the continental 
shelf. North of 40° N. soundings show a large east-west submarine scarp, which 
may be associated with some of the epicenters but does not affect the general trend 
of the seismic belt. (See Shepard and Emery, 1941, and Byerly, 1940.) Epicentral 
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co-ordinates here given for a number of these shocks differ by a fraction of a degree 
from the determinations by Byerly, because they were derived by working over the 
data with the same methods and assuming the same travel times as for other regions, 
while most of Byerly’s results are from special study of original seismograms. 

Seismicity of the California-Nevada region may be characterized as moderately 
high, being fairly representative of the circum-Pacific belt. Very roughly a third 
of the shocks of this region occur in the north coastal zone. Central California is 
included in an apparent gap between the northern zone and another, well-defined 
but somewhat less active, which begins in the vicinity of Cajon Pass northwest of 
San Bernardino and extends southeastward. This southern zone covers mountainous 
areas in eastern Riverside and San Diego counties as well as the Imperial Valley and 
passes by way of the delta of the Colorado River into the Gulf of California. In 
California i: involves the San Andreas fault, its branch the San Jacinto fault, and the 
parallel Elsinore and Agua Caliente faults. To the south, especially in and about 
the Gulf, the structural relations are imperfectly known, and the activity is appreci- 
ably lower. 

That central California appears low in seismicity is partly an expression of tem- 
porary conditions; historical data suggest that since the earthquake of 1906 the 
activity of central California has been abnormally low relative to that of southern 
California. 

Epicenters in eastern California and western Nevada represent activity which 
probably is not independent of that nearer the coast, although it belongs to a different 
structural province. A few c shocks in this area may have been missed, since the 
records are imperfect, and shocks of this group record with abnormally small ampli- 
tudes at distant stations. For the latter reason, several well-located shocks with 
magnitudes between 5.3 and 6 have been omitted and are treated as of class e. His- 
torical data are almost lacking, so that it is impossible to tell whether the activity 
shown is fairly representative. What appears on the map as the westernmost of this 
group, the central California shock of February 8, 1940, is notable for peculiar seismo- 
grams and for focal depth probably in excess of that normal for Southern California 
and Owens Valley, which is about 18 km. (Gutenberg, 1943). 

One epicenter (28° N. 126° W.) is far to the west of the chief active belts. The , 
shocks far to the east in the Cordilleran structures are discussed under “Minor Seismic ° 
Areas.” With possible exceptions as noted, Figure 4 shows all shocks within its area, 
since 1921, which were potentially strong enough to cause damage of consequence. 
With these are mapped in addition only the two great shocks of 1906 and 1915 and the 
San Jacinto earthquake of 1918. 


MEXICO, CENTRAL AMERICA, CARIBBEAN 


The seismicity associated with the Pacific coast of central Mexico is among the 
highest in the world; it is surpassed by that of only a few regions (Japan to Kamchatka, 
Solomon Islands, perhaps the Philippines). New data are all included in Tables 1 
and 3, 

Figure 5 shows the active area of Central America and the Caribbean. Epicenters 
are mapped for: (1) all known deepsfocus shocks; (2) all known shocks of classes a 
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Ficure 5.—Map, Caribbean region 
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and b (the single shock of class a is that of July 29, 1943); (3) all located shocks from the 
International Summary 1931-1934; (4) additional shallow shocks listed in Table 
6 of the former paper; (5) additional shallow shocks listed in Table 6 of the present 
paper. In Central America additional shocks have been investigated only when of 
special interest; elsewhere the map shows every epicenter that can be located with 
confidence. 

The active zone paralleling the Bartlett Trough now shows a class 6 shock (April 
7, 1941; strong on Jamaica) ; connection with the main Pacific belt is brought out clearly 


TABLE 6.—Earthquake epicenters in Central America and the Caribbean region 


Date Time Igtitude, | Lgpgitude, | Quatity | class 
1942, Oct. 28 10:44:39 153 N 963 W B c 
1934, Dec. 3 2:38:29 15 N 883 W B c 
1939, Dec. 5 8:30:14 144. N 914 W A Cc 
1942, Aug. 8 22:36:34 144 N 913 W EB c 
1940, Oct. 27 5335237 9 N 843 W A c 
1940, Oct. 5 14:38:43 93 N 844 W A c 
1941, March 10 4:05:42 74.N 803 W B d 
1939, Aug. 15 3252235 223 N 794 W B d 
1941, March 23 9:00:27 17N 832 W B d 
1941, April 27 5:34:28 172 N 793 W € d 
1941, April 24 1:04:17 174 N 78 W Cc d 
1940, July 30 16:05:26 193 N 754 W B d 
1942, March 9 10:19:46 193 N 73 W B d 
1939, March 5 15:11:52 23 N 70 W B d 
1943, Aug. 15 0:13:15 19N 683 W B d 
1943, Aug. 8 0:38:43 19N 68 W B d 
1939, Dec. 24 18:53:57 18N 68 W B d 
1943, July 30 1:02:30 194 N 672 W B c 
1941, Jan. 17 12:35:44 18} N 633 W A d 
1941, March 12 2:53:28 17N 61 W c d 
1940, Feb. 27 12:12:47 83 N 62 W c d 
1939, Oct. 14 6:02:18 103 N 64 W Cc d 
1942, May 6 22:50:13 10 N 65 W B c 
1940, June 23 18:59:33 10 N 68 W c d 
1943, Dec. 21 13:46:21 13 N 71 W B c 
1943, Dec. 23 15:56:05 13 N 71 W B 
1942, Dec. 26 12:31:40 83 N 753 W B c 


by the epicenier of the shock felt widely in Honduras and Guatemala on December 
3, 1934. 

New epicenters in exceptional locations are those of the intermediate shock No. 3 i 
in Panama, and the shallow shock in northern Cuba on August 15, 1939 (strong at 


Remedios). 


Although the principal seismic belt of the West Indies extends inland from Trinidad 
through Venezuela and Colombia, a jess active northern branch follows the belt of 
gtavity anomalies; this includes three plotted epicenters and is supported by a history 
of strong shocks at Cartagena and Barranquilla and in the islands off the Venezuelan 
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coast. Maps by Centeno-Graii (1940, facing p. 164) show the inland zone very plainly 
and include a number of shocks in the islands mentioned. 

Linehan (1940) has directed attention to a group of earthquakes in the region of the 
Bahamas. These record in very peculiar fashion at Weston and at other stations in 
the northeastern United States and in Canada; the seismograms show unexplained 
clear phases. This indicates unusual structure in the region of origin; these earthquakes 
are not instances of deep focus, although they may be slightly deeper than the average 
shallow shocks. 

The seismicity of Central America is far less than that of central Mexico but exceeds 
that of California. Activity in the West Indies is much lower. _ 


ANDEAN ZONE AND SOUTHERN ANTILLES 


New data for deep-focus shocks are given in Table 1 (Nos. 5 s to 40 a; No. 254 b) 
and for shallow shocks in Tables 3, 4, and 7. 

Intermediate shocks in the Andean zone are very frequent, but fewer can now be 
located, in the absence of readings from southern stations. The two new very deep 
shocks are both small; some others were suspected but could not be established. The 
latest of the infrequent large shocks of this group was that of January 14, 1936 (depth 
620 km.). 

Among the shallow shocks five new great earthquakes (class a) are listed. The first, 
very destructive in Chile on January 25, 1939, was formerly included in the deep-focus 
lists with an assigned depth of 70km. As border-line instances of this sort are frequent, 
particularly in South America, they are now regularly tabulated with class a and in- 
dicated by a small s in the Remarks column (Table 4). Of the remaining four great 
shocks, two at least were locally disastrous: that of May 24, 1940 at Lima and that 
of May 14, 1942 at Guayaquil. The latter is notable for a very long series of after- 
shocks large enough to be recorded at distant stations. Some of these, as well as the 
main shock, show evidence of depth sufficient to justify the lettering s; there is no 
evidence for the very great depth which has occasionally been suggested for this earth- 
quake, apparently based on misidentification of certain reflected waves. 

The last two great shocks, in Peru on August 24, 1942, and in Chile on April 6, 
1943, do not appear to have been so disastrous as the others. This is presumably due 
to remoteness from the principal centers of population; or perhaps information is 
incomplete. 

These shocks fit well with the past record in giving the Andean zone north of 37° S. 
an unusually high frequency of class a earthquakes. The corresponding frequency of 
smaller shallow shocks (classes 6 and c) is relatively lower and approaches that of 
California; but the total energy released is considerably augmented by the numerous 
intermediate shocks. 

South from 37° S. there is a marked decrease in seismicity; no shocks have been 
located between 45° S. and the South Antillean loop. The mean seismicity of the 
latter certainly exceeds that of the West Indies; most of it is concentrated near the 
South Sandwich Trench at the east end of the loop. 


SOUTHEASTERN PACIFIC 


This section includes chiefly shocks associated with the Easter Island Ridge, its 
extensions, and branches. All new shocks here are listed (Table 7). Locations in the 
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southern part of the area, always difficult, are still more so when the data from South 
American stations are lacking. The station at Papeete (Tahiti) was very useful during 
its short period of operation. The temporary Antarctic station at Rockefeller 
Mountain recorded a number of distant earthquakes, but none in this region. De- 
pendable locations for current shocks are possible only for those few which are clearly 
recorded at the New Zealand stations. Certainly this is one of the least active sectors 
of the whole Pacific belt, with no class a or class 6 shocks during the periods studied. 


TABLE 7.—Earthquakes in South America and adjacent sectors 


Date Time Quality | Class 
ANDEAN ZONE 
1934, Aug. 6 12:07:08 3iN 772 W A c 
1940, May 5 2:03:42 7S 80 W B c 
1943, May 22 9:01:57 303 S 72 W B c 
1934, July 28 17:25:30 sts 714 W B d 
1941, July 3 7:11:46 3134S 693 W B Cc 
SouTHERN ANTILLES 
1941, Dec. 1 19:56:20 54S 56 W c c 
1941, Jan. 19 3:13:28 53S 41 W Cc c 
1934, July 4 1:42:34 554 S 41 W Cc c 
1941, Nov. 18 10:14:40 60S 60 W Cc Cc 
SouTHEAST PACIFIC 
1936, May 28 18:49:00 103 N 1034 W B Cc 
1941, July 11 1:16:29 5N 824 W B c 
1934, June 24 1:39:55 24S 1064 W Cc d 
1940, May 31 4:56:20 24S 1033 W 6 d 
1941, July 17 7:47:53 5S 105 W c d 
1940, March 7 7:08:40 33 S 111 W Cc c 
1934, Sept. 1 6:57:32 36S 104 W G c 
1939, Oct. 20 72:13:26 36S 111 W Cc d 
1942, Sept. 22 0:46:15 37S 98 W Cc c 
1939, Aug. 24 14:44:50 374 S 104 W Cc d 
1941, Feb. 14 18:55:16 534 S 131 W ce d 


MACQUARIE ISLAND “LOOP” 


Figure 6 shows all located epicenters within its area, save for a few small shocks 
near New Zealand. New epicenters for shocks of classes c and d are given in Table 8. 
Northeast of Macquarie Island there are one new class a shock (Sept. 6, 1943; Table 4) 
and two new class & shocks (Table 3). 

The need for reinterpretation of the data is suggested by the distribution of the entire 
group of known epicenters, in conjunction with revised submarine contours taken from 
the new chart (Hydrographic Office, 1943). In the previous paper the alignment of 
epicenters was taken to indicate a structural loop, open to the east, extending westward 
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from the longitude of Macquarie Island. This may still be maintained, but a more 
probable alternative is that of two intersecting active belts, as follows. 

One active belt, with a northwest-southeast trend in this region, follows the Indian- 
Antarctic Swell, which here appears to be a continuation of the Easter Island Ridge 
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FicurE 6.—Map, region southwest of New Zealand 


(or Swell). Its activity is slightly higher than that of, say, the Carribbean loop. 
That no class a or class 6 shock has occurred here in recent years is possibly a statistical 
accident. 

The other active belt trends northeast-southwest in alignment with the structures of 
New Zealand. From Macquarie Island to the South Island of New Zealand the activity 
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~ is near the average for the circum-Pacific belt, or even slightly higher. This sector 
= includes the only large shocks shown in the figure and also the only shock mapped as 
lian of deep focus (Oct. 3, 1926). The last was also a large shock (magnitude over 7); it 
id i may have been shallow, but the reported readings show a complexity due either to a 
ee succession of shocks or to focal depth (not greater than 150 km.). 
TABLE 8.—Epicenters southeast of Australia and in New Zealand 
| Dat vine | | qutty | 
) 1939, April 15 20:03:40 61S 150 E Cc d 
1940, Nov. 17 5:55:47 61S 148 E Cc c 
3 1934, Nov. 24 12:34:03 57S 146E S c 
1942, Dec. 17 1:08:20 57S 146 E . c 
145° 1940, March 29 23:20:22 $78 144E Cc d 
1934, Sept. 22 23:08:00 563 S 144 E c d 
1942, June 10 13:49:30 553 S 1433 E c d 
1940, June 12 11:48:49 50S 139 E Cc d 
1934, Oct. 25 10:23:17 5458 160 E € d 
1939, April 20 22:06:35 463 S 167} E Cc c 
1942, Aug. 2 0:46:35 45S 167 E B c 
50° 1942, Aug. 1 12:34:03 41S 1753 E A c 
TABLE 9.—-Epicenters in the Tonga salient ? ; 
| 1943, Sept. 22 23:18:10 35S 1794 W Cc c 
ee 1940, Sept. 30 11:13:06 27S 177 W c d 
1940, Sept. 30 14:10:30 278 177 W Cc d 
1939, Feb. 3 20:13:15 223 S 1753 W B c 
1941, Aug. 28 20:27:03 193 S 1733 W B c 
1942, Nov. 2 23:59:36 19S 173 W Cc c 
1943, June 3 20:48:03 16S 173 W B c 
1940, July 20 1:53:53 154S 173 W B c 
60" 1940, Aug. 11 16:46:44 153 S 172 W ec c 
1941, Oct. 5 10:11:12 144 S 1733 W A c 
1940, May 31 0:41:05 144S 173 W Cc d 
1940, July 2 19:08:53 15S 175} W Cc d 
1939, Nov. 24 23°24:37 16S 1793 W Cc d 
1934, Aug. 14 8:49:14 183 S 176 E B c 
1939, Nov. 18 0:13:28 163 S 175 E d 
; 1943, March 20 4:50:33 16S 1744 E B c 
NEW ZEALAND AND THE TONGA SALIENT 
: New epicenters in this region are given in Tables 1, 3, 8, and 9. North of 35° S. 
? ie these are plotted on Figure 7, which shows (1) all located deep-focus shocks, (2) all 
located shallow shocks of classes a and 8, (3) verified and revised epicenters from the 
oof International Summary 1931-1934, and (4) selected shocks tabulated in this and in 
ty the preceding paper. 
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No new class @ shock is listed for New Zealand or the Tonga salient. Of the two 
recent destructive shocks on the North Island, that on June 24, 1942, was of class 5 
(Table 3), and that on August 1, 1942, was of magnitude 63. Both had depths of 50 
to 60 kilometers. (For a new survey of the seismicity of New Zealand see Hayes, 1944.) 

Figure 7, with the newly added epicenters, clearly displays all the features of the Tonga 
salient as described in the previous paper. Not considering the numerous deep-focus 
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FicurEe 7.—Map, Tonga salient 


earthquakes, the seismicity of the salient, including the North Island of New Zealand, 
somewhat exceeds that of California and shows similar local differences. 


NEW HEBRIDES TO NEW GUINEA 


New epicenters in this region are given in Tables 1, 2, 3, 4, and 10, and plotted on 
Figs. 7, and 8. Other epicenters plotted on Figure 8 are selected exactly as already 
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described for Figure 7. Figure 6 of the previous paper (Gutenberg and Richter, 
1941, p. 43) shows the entire region on a single map. 

In the New Hebrides, in addition to numerous intermediate shocks, there are now 
two shocks at greater depth—No. 81 M and the newly located No. 81 K (Table 1, 


depth 370 km.). 
TABLE 10.—Epicenters in Melanesia 
Date ‘Time Tatitade, | Longitude, | Quality | Class 
New HEBRIDES 
1934, Nov. 4 1:53:40 22S 174E A Cc 
1934, April 26 5331255 23S 1713 E B c 
1934, April 26 7:56:52 223 S 172E B Cc 
1934, Sept. 4 16:34:35 224 S B Cc 
1939, Aug. 18 22:16:02 184 S 168} E A c 
1939, Dec. 18 6:26:18 15S 168 E B d 
1940, April 27 9:35:18 15S 167 E © c 
1940, April 27 18:04:40 15S 167 E i c 
1934, July 19 5:45:26 13S 1663 E b a 
1934, July 20 16:48:23 13S 1654 E B c 
1934, July 19 0:06:43 12S 166 E A Cc 
1934, Oct. 18 7:48:22 103 S 165 E A c 
ISMARCK ISLANDS AND ADMIRALTY ISLANDS 
1941, Feb. 9 19:19:28 4S 153 E Cc c 
1940, Sept. 12 13:17:10 44S 153 E B c 
1940, Nov. 27 14:41:22 33S 151 E A Cc 
1934, June 22 17:55:34 358 150 E B c 
1934, Dec. 17 15:52:42 24S 1484 E B c 
1934, Aug. 4 13:08:06 3S 1463 E B c 
1940, Sept. 19 23:59:55 23S 146 E Cc d 
NEw GUINEA 
1940, June 7 4217315 93S 1514 E B d 
1940, July 31 11:39:16 93S 1493 E c d 
1939, Jan. 22 13:31:44 72S 149 E Cc c 
1940, April 24 10:22:06 58 1483 E B d 
1939, Nov. 10 20:20:48 9S 148 E B c 
1940, Feb. 24 12:00:06 358 1413 E A Cc 
1939, May 22 1:34:48 3s 141 E B Cc 
1940, April 1 11:18:57 33 S 139 E A Cc 
1940, Dec. 17 14:42:07 ras) 1383 E B c 


For this entire region, two class a shocks are given in Table 4. One (Jan. 30, 1939) 
has been added in consequence of a revised magnitude determination; the other (April 
30, 1939) was listed in the previous paper. 

More small shocks have been selected in recent years; location here is more reliable 
since 1937, thanks to the new station at Brisbane. In the New Hebrides, about half 
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the shocks listed were assigned depths of 50 to 60 km.; some of these may actually have 
been deeper, and classifiable as intermediate shocks. These shocks occur repeatedly 
in groups with slightly different epicenters; the largest is that of the aftershocks of 
the class u earthquake of July 18, 1934. 

New epicenters near the Admiralty Islands suggest a closed structural loop continuing 
the New Britain-New Ireland arc; it is associated only with shallow shocks. There 
is no new evidence for activity to the north toward the Caroline Islands. 
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FicureE 8.—Map, Solomon Islands and New Guinea 


In the New Hebrides energy is chiefly released in intermediate shocks, but seismicity 
at shallow depth is above average. In the Solomon and Bismarck Islands shallow 
shocks are preponderant, and seismicity reaches a high level which is probably exceeded 
only in the Japanese area. 

In New Guinea activity consists of shallow shocks except in the northeast where 
intermediate shocks are frequent. Seismicity is high, comparable with that of the 
Aleutian Islands, but definitely below that in the Solomons. 
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CAROLINE ISLANDS TO JAPAN AND KAMCHATKA 


New epicenters are listed (Table 1, 2, 3, 11 and 12) and plotted (Figs. 3, 8, Pl. 1) 
with other data as usual. The new data and maps suggest no modification of previous 
descriptive discussion. 


TABLE 11.—Epicenters in the Caroline and Mariaune Islands 


Date Time tgtitude, | | Quatity | Clas 
1943, March 15 4:47:56 95 N 142 E Cc c 
1940, June 2 12:09:34 114 N 139 E d 
1939, Jan. 16 2:13:38 12N 144E S d 
1941, June 4 16:31:03 12N 1433 E c d 
1939, Feb. 23 10:07:04 134 N 146E Cc d 
1941, July 10 3:22:06 15N 146 E c Cc 
1941, July 10 10:16:43 15N 146E Cc d 
1941, July 26 20:11:19 153 N 146E B c 
1934, Dec. 25 6:27:20 183 N 147 E B c 
1941, Aug. 30 9:36:18 183 N 1473 E B c 
1941, Aug. 30 13:06:52 183 N 147 E B c 
1940, March 15 5:27:58 22 N 1445 E d 
1939, May 17 18:30:34 223 N 1433 E A ce 
1934, May 3 4237311 273 N 1423 E B c 
1934, April 3 22:32:00 283 N 1403 E A c 
1939, Feb. 7 4:09:31 32 N 142 E ° d 

TABLE 12.—Eficenters in the Japanese Islands and Formosa 

Date Time Quality Class 
1934, May 9 16:13:34 474 N 1544 E B Cc 
1939, Aug. 12 9:50:00 453 N 151 E B c 
1934, June 6 6:23:51 434 N 1463 E B c 
1934, Sept. 23 21:40:58 393 N 1393 E B d 
1934, Nov. 8 3:25:46 373 N 138 E B d 
1941, July 15 14:45:22 364 N 138 E Cc c 
1939, Jan. 22 11:10:15 30 N 132 E c d 
1934, Oct. 26 17:11:06 29N 1314 E re 
1934, Sept. 12 17:42:20 28 N 130 E ce d 
1940, Jan. 26 17:04:19 263 N 132 E A c 
1934, Aug. 11 8:18:21 243 N 1214 E A c 
1934, Oct. 28 23:36:08 23 N 1233 E B c 


No new class a shock is listed. However, in November 1938 there was a remarkable 
series of large shocks off the east coast of Japan, three of which were just below the 
limit of that class (Table 3). 

From Palau to Guam only shallow shocks are known, with seismicity slightly below 
average for the Pacific belt. From Guam north to about 35° N. the seismicity at shallow 
depth is low, and practically all the seismic energy is released in intermediate shocks, 
or in deep shocks occurring farther west. 
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From central Honshu to Kamchatka the seismicity, determined from shallow 
shocks alone, is the highest in the world. About 12 per cent of all shallow earth- 
quakes occur in this region; this is about 15 per cent of those in the entire Pacific 
belt. It is accompanied by considerable activity at intermediate depth. In 
the deep-focus belt to the north and west deep shocks are more frequent than in any 
other area, except possibly the Tonga salient, which is certainly the most active source 
of shocks deeper than 500 km. 


JAPAN, FORMOSA, LUZON 


Japanese shocks considered in this section are those of the western or Japan Sea 
coast, Kiushiu, and southward. New data are given in Tables 1, 3, 12,and13. The 
sector is mapped on PI. 1. 

No new class a shocks are listed. The class 6 shock on September 10, 1943, was 
reported destructive at Tottori, on the Japan Sea coast. This is within half a degree 


TABLE 13.—Epicenters in the Philippine Islands and Moluccas 


Date Time Latitude, | Longitude, | Quality | Clas 
1941, May 9 5:32:37 14N 123 E B c 
1925, May 25 3:*3:06 124 N 1224 E B c 
1925, May 5 10: 06 94 N 123 E A c 
1940, Dec. 19 15:++:30 9N 118 E Cc d 
1940, July 21 15:58:25 24.N 121 E A c 
1934, June 14 19:08:36 2N 121 E B d 
1941, Jan. 5 18:47:03 2N 122 E B c 
1934, April 26 13:39:35 1N 123 E B c 
1941, Feb. 8 18:46:08 1N 121 E Cc c 
1934, April 2 4:57:48 0 125 E A c 
1941, June 23 9:28:45 0 121 E © c 
1941, June 18 10:15:01 4S 125 E B d 
1941, June 18 19:58:56 4S 125 E B c 


of the epicenter in Table 3, which is the best obtainable from incomplete instrumental 
data. 

The arc from Kiushiu south through the Riukiu Islands is now bet‘er shown, 
since there are a number of well-located recent shallow shocks. These are con- 
sistently east of the parallel belt of intermediate shocks. 

Activity of the Japanese west coast is much lower than that of the east coast—even 
below average for the Pacific belt. Seismicity rises again in Kiushiu and remains 
above average to Luzon. Present data indicate somewhat uneven seismicity with 
maxima at the three masses Kiushiu, Formosa, and Luzon. 


PHILIPPINES AND MOLUCCAS 


The seismicity of the central and southern Philippines is structurally more closely 
associated with that of the Moluccas than with that of Luzon. This division appears 
plainly on two new maps showing epicenters determined by Repetti (Willis, 1944). 
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llow New epicenters are given in Tables 1, 2, 3, and 13. From 10° N. southward these i 
rth- appear on Figure 9. There is no new class a shock. A class d shock at 9° N. 118° ll 
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FicurE 9.—Map, Moluccas 
In the Philippines shallow shocks are more frequent than in any other regions, | 
ely excepting Japan, the Solomon Islands, and possibly Mexico. In the Moluccas 
ars seismicity remains above average; intermediate shocks are very numerous, and deeper 
4), earthquakes are frequent. 
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SUNDA ARC 


New epicenters appear in Tables 1, 3, and 14. The arc is mapped on Figs. 9-11, 
As usual, the maps show all known deep-focus shocks and shallow shocks of classes 
a and 8, with selected smaller shallow shocks. In the Sunda arc a number of shocks 
mapped and tabulated as shallow may be intermediate. This uncertainty in depth, 
which often affects the determination of the epicenter, caused numerous earlier 
shocks in this period to be omitted from the study. Because of missing data, shocks 
since 1940 in this region are difficult to locate. 

The shallow seismicity, which is moderately high off Sumatra, decreases eastward 
past Java and almost disappears in the vicinity of Timor. The belt of intermediate 
shocks north of this appears to be more evenly active, apart from increased activity 
at the east, near the Banda Sea. Very deep shocks occur chiefly under the Java 
Sea and Flores Sea. 


TABLE 14.—Epicenters in the Sunda Arc 


Date Time | | Quality | Class 
1940, Dec. 4 13:05:42 5S 131 E 3 c 
1934, April 24 1:59:12 6S 130} E B c 
1934, April 11 21:56:02 7S 116} E B c 
1934, April 10 10:22:58 6} S 116 E A c 
1939, May 11 17:30:50 94S 112E Cc c 
1940, May 10 18:59:32 94S 108 E B c 
1940, March 21 13:52:52 10S | 108E A c 
1939, July 25 7:17:24 748 106} E Cc c 
1934, Aug. 21 19:26:15 +S 984 E B c 
1939, Feb. 9 11:45:20 0 984 E B c 
1940, March 29 21:37:24 2N 96} E C d 
1939, Jan. 29 15:25:58 5N 944 E Cc d 
1940, Nov. 13 11:35:58 8} N 934 E Cc d 
1939, Sept. 25 15:31:03 9N 94 E : d 
1941, Aug. 19 16:19:42 113. N 93 E d 
1941, Aug. 9 22:17:38 123 N 93 E c c 


The Sunda arc is prolonged into the Andaman Islands with somewhat diminished 
seismicity (even considering the large shock of 1940), which appears to end abruptly 
near 15° N. 


THE TRANS-ASIATIC ZONE 


New epicenters are given in Tables 1, 2, 3,4, 15,and 16. Those at the southeast 
appear on Figure 11; otherwise no new map has been drafted. Only a few recent 
shocks are of special interest. 

The class a shock in Turkey in 1939 (Table 1) was noted in the previous paper. 
It has been followed by a notable series of shocks in Asia Minor, several of them 
locally destructive, distributed over so wide an area as hardly to be accounted as 
aftershocks of the great earthquake. 
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FicurE 11.—Map, Sumatra and Burma 


The class a shock of November 25, 1941, occurred on that seismic belt between the 
Azores and the Mediterranean which probably included the great “Lisbon” earth- 
quake of 1755 and certainly includes the shock of May 20, 1931 (373° N. 16° W,; 
felt in Portugal and Morocco) and that of December 27, 1941 (Table 2; felt at Lisbon). 
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TABLE 15.—Epicenters in Asia 


Date Time yp on Quality Class 
1939, June 19 21:56:40 23} N 94 E B d 
1940, April 6 13:42:52 244 N 103 E B d 
1941, May 16 7:14:32 25N 100 E Cc c 
1941, May 22 1:00:32 274 N 93 E Cc d 
1940, Nov. 6 16:11:06 293 N 1043 E Cc d 
1941, June 11 23:13:30 30N 102} E B ‘ 
1940, Sept. 3 14:40:32 31N 913 E B d 
1934, Oct. 19 20:58:16 34.N 82 E B d 
1940, March 19 4:35:50 353 N 70 E B d 
1934, Nov. 15 23:14:42 364 N 21E A d 
1939, June 19 0:42:40 364 N 21E B d 
1941, July 1 6:25:50 53N 106 E Cc c 
1939, May 19 18:51:33 53 N 993 E C d 
1941, April 19 7:53:42 39 N 97 E B c 
1941, Aug. 14 9:38:42 45N S4E Cc d 
1941, April 4 22:00:26 46.N 82} E Cc d 
1939, Feb. 23 15:40:56 43 N 82 E B d 
1939, March 17 12:12:39 4M3N 81E B d 
1934, July 28 2:06:24 41.N 774 E A d 
1934, Aug. 31 14:57:41 383 N 71E A c 
1939, May 30 10:07:04 39 N B d 
1934, Sept. 8 6:44:56 38} N 71E B d 
1941, April 20 17:38:30 39N 70} E B c 
1941, April 26 23:11:01 39 N 70} E B d 
1940, Oct. 31 10:43:56 243 N 703 E B d 
1934, May 1 3:40:40 27N 69 E B d 
1934, April 19 23:27:00 24N 65 E B d 
1934, April 3 11:26:37 35} N 65 E Cc d 
1941, Feb. 16 16:39:03 333 N 59E B © 
1940, May 4 21:01:54 354 N 58} E B ¢ 
1939, April 6 4:08:00 355N ‘| S4hE B d 
1939, Jan. 25 11:02:22 31N 50E B d 
1939, Nov. 4 10:15:24 32N 49} E B d 
1934, Oct. 29 16:15:43 403 N 49 E A c 
1941, June 10 20:38:43 32N 473 E Cc d 
1940, May 7 22:23:43 42N 43 E A c 
1941, Sept. 10 21:53:55 30} N 43 E Cc c 
1934, Nov. 12 7:19:16 39 N ME 
1941, April 27 13:01:32 40 N 354 E an ee 
1940, July 30 0:12:07 303 N 354 E 
1934, June 19 18:43:15 39 N 31E 1 


On May 19, 1939, a shock occurred in the vicinity of the Sayan Mountains north- 
west of Lake Baikal; the epicenter (Table 15) is not very well determined. 

The shock of October 31, 1940 (Table 15) had an epicenter near that of the great 
Cutch earthquake of 1819. ‘Two new intermediate shocks (229 i, 229 k, Table 1) 
are west of the Burma arc in the region of the great earthquake of 1897, to some of 
whose aftershocks Oldham (1926) attributed abnormally deep foci. 
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Repetitions from the intermediate focus in the Hindu Kush continue. We are 
indebted to Dr. E. Stenz (correspondence) for data on some of these and other 
shock as felt in the region of Kabul. 


TABLE 16.—Epicenters in the Mediterranean zone 


Date Time Quality Class 
1941, May 23 19:51:53 373 N 28 E A c 
1941, May 23 22:34:12 373 N 28 E B d 
1941, July 13 15:39:31 38 N 263 E B d 
1934, Nov. 21 22:26:13 34N 26 E B d 
1934, Nov. 9 13:40:49 363 N 252 E A d 
1940, Feb. 29 16:07:42 354 N 254 E B c 
1941, May 14 8:36:21 3935 N 23 E B d 
1941, March 1 3:52:48 394 N 22E A c 
1942, Aug. 27 6:14:11 42N 21E S c 
1941, June 24 15:16:10 41 N 204 E B d 
1939, Jan. 27 20:10:15 384 N 15E B d 
1941, March 4 23:45:10 303 N 152 E & d 
1934, Sept. 7 3:39:10 36 N 2E B d 
1941, June 12 13355:35 36 N 1W d 
1934, Nov. 12 8:31:57 38 N 83 W B d 


It is difficult to compare seismicity in the trans-Asiatic zone with that of the circum- 
Pacific belt, since the active zone is very wide and includes numerous subsidiary 
structures. Including the Atlantic shock of 1941 (as associated with the Mediter- 
ranean structures), the trans-Asiatic zone accounts for 23 per cent of known class a 
earthquakes and for all but one (that of Nov. 10, 1942) outside the circum-Pacific 
belt. The corresponding fractions for classes 6 and c are near 10 per cent. 

The zone includes about 6 per cent of all known intermediate shocks, except at 
depths between 200 and 250 km., where the numerous Hindu Kush shocks occur. 
No shocks deeper than 270 km. are known outside the Pacific belt. 

Local seismicity within the trans-Asiatic zone generally does not rise above the 
average found in the Pacific belt. At present it is somewhat higher in Asia Minor. 
Seismicity is particularly low in the Mediterranean region west of 20° E. 


OTHER SEISMIC BELTS 
ARCTIC-ATLANTIC BELT 


New epicenters are listed (Tables 3, 17). Most of these are close to the well- 
defined line of the Atlantic Ridge and its Arctic continuation. One or two are on 
the Azores-Mediterranean branch. Another (May 20, 1934) is northeast of the 
Faroe Islands, and another is near the Cape Verde Islands (Aug. 15, 1941). There 
is only one new shock south of the active equatorial region (14° S. 14° W.; May 19, 
1934). 

Large shocks are very rare. The only class a shock (November 25, 1941) belongs 
to the Azores-Mediterranean branch. Several shocks previously assigned to class 
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© ane TABLE 17.—E picenters in the Arctic and Atlantic 
other 
Date Time Latitude, | Longitude, | Quality | Class 
1941, July 17 22:08:49 783 N 8E B d 
ie. 1940, June 23 6:55:38 742 N 14 W c d 
lass 1934, May 21 10:07:19 712.N 14.W A c 
— 1941, June 6 21:02:24 72N 3W B d 
1941, Sept. 7 0:50:51 714.N 23 W B d 
d 1934, June 2 13:42:38 66N 183 W A c 
d 1934, May 20 19:04:22 644 N 2W A d 
d 1934, Nov. 10 15:39:51 56N 334 W B d 
d 1939, Sept. 21 12:43:50 554 N 343 W B d 
c 1941, June 18 11:09:10 52N 343 W B c 
d 1939, Dec. 25 12:52:47 513 N 323 W B d 
: 1939, Feb. 6 10:39:20 45N 27 W Cc d 
; 1939, April 28 0:32:55 43.N 283 W Cc d 
d 1940, July 1 21:29:42 43 N 29 W A d 
d 1934, Dec. 24 15:52:55, 40 N 22 W d 
| 1941, July 19 9:24:15 383 N 32 W C d 
1 1942, May 29 5:32:03 38N 19 W B d 
1 1941, Aug. 15 6:09:25 20 N 27W B c 
1 1942, Dec. 31 12:03:42 18 N 47 W B c 
1940, March 4 19:59:05 N 45 W B d 
1934, July 23 18:21:26 7iN 344 W B c 
“um- 1939, Nov. 5 2:02:05 7N 34.W B d 
liary 1941, March 21 7:57:59 7N 35 W Cc c 
iter- 1934, Sept. 26 7:27:28 5iN 33 W A c 
wis 1934, May 22 11:01:40 13.N 302 W A c 
1934, Oct. 6 12:48:34 1N 27 W B c 
‘cific 1940, April 27 10:33:13 iN 193 W Cc c 
1934, Sept. 1 11:39:26 3N 253 W B c 
vt at 1939, April 23 16:23:06 3N 174 W A c 
cur, 1941, Jan. 24 15:35:24 iN 20 W c c 
1941, July 21 16:36:10 1S 193 W Cc d 
the 1939, Dec. 21 1:45:50 3S 16 W B d 
| 1940, Oct. 30 3:10:08 13S 20 W C d 
nor. 1942, April 13 7:46:16 2S 15W B c 
1934, May 19 1:15:41 14S 14W B c 


b have been placed in class ¢ as a result of new magnitude determinations, so that 
only two known class 6 shocks remain in the principal belt (Oct. 13, 1925; Feb. 22, 


vell- 1929), both at the lower limit of the class. 
. on Class c shocks, on the other hand, are relatively numerous, especially from the 
the equatorial region northward. ‘There is a high concentration of seismicity in the 
sete lower magnitudes, as compared with either the circum-Pacific belt or the trans- 
19, Asiatic zone. 

INDIAN OCEAN 
n 
a4 New epicenters are listed (Tables 3, 4, and 18). The eastern part of the Indian 


Ocean appears on Figs. 10 and 11. 


| 
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The class a shock of November 10, 1942 (Table 4; Fig. 1), is the only class a shock 
listed outside the Pacific and Asiatic zones. (A few doubtful instances are being 
reconsidered.) The epicenter is on the southern continuation of the principal active 
belt southwest of the Prince Edward Islands. On the new chart (Hydrographic 


TABLE 18.—Epicenters in the Indian Ocean 


Date Time Tatitude, | Longitude, / Quality | Class 
1934, Sept. 5 2:20:58 14N 49E & d 
1940, Oct. 31 5:21:55 113. N 573 E Cc c 
1941, March 16 20:54:53 74.N 73 E B d 
1939, Aug. 7 23:59:40 4N 77E Cc d 
1934, June 20 9:14:50 4S 69 E Cc - 
1941, March 4 15:18:00 735 68 E & d 
1934, May 27 13:26:38 738 66 E c d 
1939, Feb. 20 16:48:55 12S 70 E Cc d 
1941, Nov.24 16:37:41 44S 34E Cc c 
1941, Oct. 5 7:04:45 44S 34E c c 
1934, Oct. 4 7:58:04 48? S 99? E OF d 
1942, Aug. 1 14:30:04 48S 99 E c c 
TABLE 19.—Epicenters near the Hawaiian Islands 
Date Time =o — Quality Class 
1938, Jan. 23 8:32:43 21N 156 W A c 
1940, Sept. 2 8:44:42 21N 1553 W A d 
1940, June 17 10:26:47 203 N 1553 W B d 
1940, July 16 3247233 203 N 155 W B d 
1929, Oct. 6 7:51:31 193 N 156 W A c 
1941, Sept. 25 17:48:38 193 N 1553 W B c 


Office, 1943) the Crozet Swell here descends into a deep basin which separates it 
from the Atlantic-Indian Swell. 

Only three class b shocks are listed. Two of these (March 9, 1928; March 21, 
1939) are in the small active area near 2° S. 89° E. (Fig. 11). The third (Jan. 21, 
1933), which is at the lower limit of the class, is in the region near 34° S. 57° E., which 
was very active beginning about 1925. This was the last shock of consequence in 
that region for 10 years, but at least one recent shock there has been recorded at 
Pasadena (June 14, 1943, 025, class c). 

Most of the smaller shocks are in the main belt, on the Carlsberg Ridge and its 
extension, or on the Crozet Swell. Two new shocks west and southwest of Ceylon 
(March 16, 1941; Aug. 7, 1939) support previous indication of an active branch from 
the Chagos Islands to India. Two others (Oct. 4, 1934; Aug. 1, 1942), at 48° S. 
99° E., agree with the large shock of May 8, 1938. These are on the Indian-Ant- 
arctic sweil and consequently on a remote extension of the active belt southwest of 


the Macquarie Islands. 
The seismicity of the Indian Ocean, especially of the central active belt, is closely 
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comparable to that of the Atlantic. The shocks in both oceans combined represent 
not over 5 per cent of the seismicity of the world. 


EAST AFRICAN RIFTS 


Three shocks of this group are listed at the beginning of Table 20. One is on 


SHALLOW EARTHQUAKES STATIONS © OCEAN OEPTH, o-8 2-4 4-8 
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159° 158° is7° 


fe 


Ficure 12.—Map, Hawaiian Islands 


the northern extension of the active zone, at the southern end of the Red Sea; the 
the others are in the region of Lake Nyasa. Activity of the entire zone remains 


very low. 


THE STABLE MASSES 


PACIFIC BASIN 


Continued careful investigation fails to identify any further shocks within the 


Pacific basin proper, except those of the Hawaiian islands. In the previous study 
many supposed Pacific shocks were rejected as misinterpreted or as insufficiently 
well recorded. Three only, all of class d, were retained: (1) January 4, 1933, at 
28° N. 1263° W., far off the California coast, but perhaps not actually in the Pacific 
basin; (2) June 20, 1938, near 6° N. 119° W. This epicenter may be a few degrees 
in error but certainly is in the Pacific; (3) May 16, 1925, located in the International 
Summary at 9° N. 155° E., in the eastern Caroline Islands, but very doubtful. 
Other questionable instances considered have usually been shocks near the con- 
tinental margins of the Pacific. A recent shock of this sort was that on July 23, 
1941, at 095, Preliminary epicentral determinations were far east off the Japanese 
coast. Revision indicates that this may be an intermediate shock not far from 41° 
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NN. 143° E., and that several stations to the west have missed the first motion. Lack. 
ing readings from Vladivostok and from the Japanese stations, no decision is possible, 

Table 17 includes all six Hawaiian shocks large enough to permit the use of data 
from distant stations. These larger shocks are presumably tectonic earthquakes, 
unlike the numerous small shocks directly associated with the volcanic vents. Figure 
12 shows the six epicenters, as well as the active volcanoes. The symbol on Maui 


TABLE 20.—Miscellaneous epicenters 


Date Time Class Region of 
1941, March 19 | 1:31:52] 12N 433 E | C | d | Djibouti, Somaliland 
1942, Oct. 9 15:46:14 | 11S 35 E bs c | Lake Nyasa 
1940, Dec. 18 3:39:33 | 13S 32 E Cc d | Lake Nyasa 
1940, May 19 18:16:32 | 2232S 323 E |B c | Limpopo R., Africa 
1941, Feb. 4 9:17:44 | 16N 43 E c d | Arabia 

' 1940, Nov. 19 15:01:40 | SON 14142E 'A c | Okhotsk, Siberia 
1941, May 5 15:18:32 | 464. N | 127E A c | Harbin, Manchuria 
1940, Aug. 5 9:55:10 | 40N 12144 E | C d_ | Port Arthur, Manchuria 
1934, July 12 14:24:25 | 14S 112 E B d | Off NW. Australia 
1941, April 29 1:35:43 | 264S | 117E B c | West Australia 
1941, May 4 22:07:31 | 26S | 1372E |B d | South Australia 
1941, June 27 7:55:49 | 26S | 1372E |B c | South Australia 
1929, Dec. 28 1:22:48 | 40S 149 E Cc d | Bass Strait 
1934, June 15 6:34:25 | 614 N 59W |B d | Davis Strait 
1934, Aug. 31 5:02:45 | 734 N 70? W | A c | Baffin Bay 


indicates the site of an eruption about 1750 (see Stearns and Macdonald, 1942, 
p. 102-107, 302-303) and not the summit depression of Haleakala. 


CONTINENTAL SHIELDS 


The shocks next to be considered are either marginal to the continental masses 
or associated with their internal fractures. Careful search has been made for shocks 
of this type. New epicenters are included in Table 20. 

The last two entries in Table 20 are for shocks associated with the Canadian 
Shield; one is an aftershock of the class 6 earthquake in Baffin Bay on November 
20, 1933. The South African shock of May 19, 1940, may perhaps be considered 
marginal, although inland. It may be connected in some way with the Rift shocks, 
which are classifiable among those of interior fractures. 

The tabulated shock marginal to the Arabian mass is an aftershock of one pre- 
viously listed. Shocks marginal to the mass of peninsular India probably should 
include those to the south, already noted among the Indian Ocean shocks, and that 
to the northwest in Cutch, listed with the trans-Asiatic zone. 

Shocks associated with the Australian mass are mapped on Figure 10. Within 
its area this map shows every epicenter which could be established after careful 
search through the instrumental data, except in the Sunda arc to the northwest. 
In addition to the epicenters in Table 20, the figure shows: (1) the large shock of 
November 19, 1906, rather arbitrarily mapped at 20° S. 110° E.; (2) the class d 
shock of August 16, 1929, off the northwest coast; and (3) the shock in South Australia 
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on March 26, 1939. The last was the largest shock in its region for many years 
but was exceeded by the two shocks farther north in 1941, the second of which ranks 
as the largest Australian earthquake in at least 40 years. These shocks occur in 
a well-known fracture zone, called the “shatter zone” in the south. The shock in 
Western Australia is inland, with structural relations not clarified. Bass Strait 
isan obvious fracture in the Australian mass; its association with numerous shocks, 
mostly small, has long been known. 

No new shocks have been found for which an origin in Antarctica is even sug- 
gested. None were registered by the instruments operating at Rockefeller Moun- 
tain during November and December 1940. 


MINOR SEISMIC AREAS 
NORTH AMERICA 


Discussion of the circum-Pacific belt has not included all the shocks of western 
North America, but only those associated with the Coast Range structures. Epi- 
centers associated with the Rocky Mountain structures, and a few others in the 
northwestern United States and British Columbia, are given in the last section of 
Table 5: Six of these are repeated from the previous paper. Fig. 4 shows ali shocks 
down to class d for which satisfactory location is possible from instrumental data. 
Except for a few shocks marginal to the Canadian Shield, no eathquakes east of the 
Cordillera are in these classes, although certain smaller shocks near the variousstations 
can be located instrumentally. 

The shock of Sept. 17, 1938, near the Arizona-New Mexico boundary, was the 
first of a long series from the same source, several of which were nearly as large. 

Earthquakes in the central and eastern United States frequently show very large 
areas of perceptible shaking, combined with relatively low epicentral intensity 
as compared with those of the Pacific coast (Gutenberg and Richter, 1942). Striking 
instances are the Charleston (South Carolina) earthquake of August 31, 1886, and 
the Charleston (Missouri) earthquake of October 31, 1895. For the latter see 
Heinrich (1941, p. 197). 


NORTHEASTERN ASIA 


Figure 3 shows the structural unit which includes northeastern Siberia and northern ° 


Alaska. Shocks associated with this are either marginal or in the vicinity of Bering 
Strait. Most of these were listed, but not mapped, in the previous paper; an addi- 
tional one is listed in Table 20. 

Further scattered shocks in northeastern Asia are shown on Figs. 3, and 9. Two 


epicenters in Manchuria are new (Table 20). 
OTHER AREAS 


No new shock of class d or larger has been identified in any of the remaining minor 
seismic areas, including central and western Europe. Australian shocks have been 
included with those of the stable masses. 


FREQUENCY AND ENERGY OF EARTHQUAKES 


All the following results are preliminary. Statistics are now being extended and 
revised, with particular attention to assigning magnitudes to deep-focus earthquakes. 
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TABLE 21.—Number of shocks listed at various depths 
Depth in km. (Range +25 km.) 
Region 
100 | 150 | 200 | 250 | 350] 400 | 450] so0| sso | 650] 
Aleutian Islands, Alaska....... | 
Mexico, Central America....... 4 
South America................ 63 | 30} 18 | 3 
Southern Antilles.............. 1| 4 
Southeastern Pacific........... 1 
New Zealand to Samoa........ 7/16) 15 | 
New Hebrides to New Guinea..| 39 | 23 | 2; 4] 1 
Celebes to Mindanao.......... 24-4 1 1) 3) 
Luzon to Kiushiu............. 
Japanese Islands, Manchuria...| 41 | 28 | 14} 7 | 12 | 27 | 28| 12/17/15] 6] 1 
Mediterranean, Roumania...... 6; 6 1 
253 |134 | 96 | 62 | 29 | 34 | 42 | 15 | 29 | 35 | 34] 21] 9 
TABLE 22.—Frequency of large shallow shocks 
Magnitude M No. of shocks No. per year No. seed Apel 0.1 
Class a, 1904-1943 (40 years) 
83 4 0.1 0.04 
8} 9 0.23 0.09 
8 28 0.7 0.28 
73 23 0.57 0.38 
7} to 8 64 1.6 —~ 
0.43 
Class 6, 1922-1943 (22 years) 
11 0.50 0.50 
7.6 8 0.36 0.36 
10 0.45 0.45 
7.4 24 1.09 1.09 
1:3 26 1.18 1.18 
762 43 1.95 1.95 
29 1.32 1.32 
7.0 50 
7.0 to 7.7 201 9.1 — 
28 1.0 
7.0 to 7.9 9.7 
Class ¢, 1930-1934 
(6 to 6.9) 584 117 — 
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Preliminary statistics of deep-focus shocks are brought up to the level of present 
information in Table 21, which replaces Table 21 of the previous paper. The 
increased number of shocks tabulated, from 627 to 793, has not significantly modified 
the distribution in depth or among the various regions. 

Statistics for large shallow shocks are presented in Table 22. In the fourth column 
a reduction has been applied for class a shocks, to pass from totals by quarter magni- 
tude to averages by tenths of a magnitude unit, and to correct the total for magnitude 
73, which does not include magnitude 7.7. The first four entries in the last column 
consequently do not add up to the total of 1.6 for class a. 

The method of least squares has been applied to represent this last column in the 
form 


log VN =a+0(8— M). 


Two independent solutions have been made; one using all the data gives 
a = —0.76 + 0.05, (1) 


and the other, which excludes the data for magnitudes 8} and 8}, gives 
a = —0.65 + 0.09, (2) 


Here the terms with + indicate standard errors, not probable errors. 

A count has been carried through the International Summary for 1930-1934, 
including those shocks generally recorded beyond 45°, but not beyond 90°, which 
therefore are taken as of class c on this »asis alone. These number 584. Previous 
work established that this class corresponds approximately to magnitudes 6.0 to 
6.9 inclusive. Class 6 shocks (magnitudes 7 9 to 7.9) in these years had already been 
investigated in detail, using the instrumentally recorded amplitudes, so that all 
such shocks were definitely excluded from the class c count. Sample checking of 
some of the smaller shocks counted indicated that probably more shocks have been 
included slightly below magnitude 6 than have been missed above that magnitude. 
Hence the 5-year total of 584, and the corresponding annual average of 117, are 
more probably high than low. Applying (1) to extrapolate the data of higher 
magnitudes gives 132 shocks annually for magnitudes 6.0 to 6.9 inclusive, while the 


corresponding result for (2) is 89 (or 109 from 5.9 to 6.8 inclusive). Evidently (1) 


gives too high a result, while that from (2) is probably slightly too low. 

Regional distribution of shallow earthquakes is exhibited in Table 23. Since 
class b includes magnitudes 7.0 to 7.7, while class c ranges from 6.0 to 6.9, a column 
headed “class 6+-” has been calculated, giving averages for magnitudes 7.0 to 7.9 
inclusive, providing a step of exactly one magnitude for use in the column headed gq, 
which shows the ratios of the averages in class c to those in classb+. These quotients 
show that the annual numbers of shocks increase roughly tenfold for a decrease of 
one unit in the magnitude. The same result follows from (1) and (2), which give 
q = 13 and g = 9.3, respectively. Where no shocks of class 5+ are known, q is 
nominally infinite. In some regions this is probably due to lack of data; but in certain 
sectors class ¢ shocks are fairly numerous without any accompanying larger shocks, 
and this has been indicated by entering « under g. There are other entries for q 
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TABLE 23.—Frequency of shallow earthquakes 
Number of shocks | Percentage of shocksin 
Region of Class a, | Class b Classb+,| oer Class 4 
Mi 1930-34, Classb+ |! Classa | Classb | Classe 
average 
i a 2 6 0.31 4.0 | 13 3.1 3.0 3.4 
Oo eee 1 5 0.23 42 | 18 1.6 2.5 3.6 
E. Alaska-Vancouver I. ..... 0 3 0.14 1.0 } 7 0.0 0.9 
California-Nevada.......... 2 § |0.28/ 147 6 7 3.1 | 2.5 | 
Gulf of California........... 0 0 0.00 1.0 2% 0.0 0.0 0.9 
Mexico S. of 20° N.........- 4 9 0.47 5.8 12 6.3 4.5 5.0 
Central America............ 0 8 0.36 3.6 10 0.0 4.0 3.1 
Caribbean Arc.............. 1 1 0.07 1.4 | 20 1.6 0.5 1.2 
South America 3°N.-37°S. ...| 9 6 0.30 324° 330 25 
S. America S. of 37°S........ 0 1 0.04 0.0 0 0.0 0.5 0.0 
Southern Antilles........... 1 4 0.21 2.2 10 1.6 2.0 1.9 
ES, 0 0 0.00; 0.2 | — 0.0 0.0 0.1 
Easter Island Ridge......... 0 0 0.00 1.8 | 20 0.0 0.0 1.5 
S. of Macquarie I........... 0 0 0.00 2 rr) 0.0 0.0 1.0 
Macquarie I.-New Zealand..| 3 6 0.33 1-6: | 5 4.7 3.0 1.4 
Kermadec to Samoa ........ 3 5 0.2. 3.4 14 4.7 2.5 2.9 
eS ee 0 0 0.00 1.4 | © 0.0 0.0 1.4 
| 
New Hebrides.............. 1 6 0.29 6.0 | 21 1.6 3.0 54 
Solomon Is.-Bismarck Is.....| 3 1 0.91 8.6 | 9 4.7 9.5 7.4 
a ree 4 11 0.55 7.6 | 14 6.3 3.5 6.5 
Phiausaam........5..4.... 1 2 0.10 1.4 | 14 1.6 1.0 1.2% 
Marianne Is.-Japan......... 0 2 0.09 | 2.0 | 22 0.0 1.0 1:7 
Japan 35°N.-Kamchatka....; 28 1.21 (13823 | 11 7.8 | 13.9 | 
Western Japan............. 1 6 0.30 1.2 | 1.6 3.0 1.0 
Kiushiu-Formosa........... 2 7 0.36 | 4.6 | 13 3.1 a2 3.9 
2 14 0.65 5.6 | 9 | 7.0 4.8 
Celebes-Banda Sea.......... 1 10 0.48 a8 1 8 1.6 5.0 aa 
2 10 0.47 50°) | 5.0 4,3 
Circum-Pacific Belt, total ...| 48 174 8.47 | 97.0 113} 75 864 83 
Su 1 2 |010! 06] 6 | 1.6] 1.0 | os 
Himalayan Arc............. 2 6 | 0.30 | 2.2] 7 | 34 | 3.0 | 19 
SS 3 5 0.27 2% 4 4.7 25 1.0 
Lake Baikal to Pamir....... 5 0 | 0.05 | 0.8 | 16 7.8 | 0.0 | 0.7 
Baluchistan, Iran........... 1 2 0.12 2.4 | 20 1.6 1.0 233 
Asia Minor, Balkans........ 2 4 0.23 3.0 || 13 3.4 2.0 2.6 
Western Mediterranean- 
ES es ao 1 0 0.00 0.8 | — 1.6 0.0 0.7 
Transasiatic-Medit., total...) 18 | 19 | 1.07 | 11.0 | 10 | 233 | of | 9 
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TABLE 23.—Frequency of shallow earthquakes—Continued 


Number of shocks Percentage of shocks in 
q = 
Region of | Chest Class b+, Class c 
Me 72, 1930-3, Class b+ || Classa | Classb | Classe 
1 
43 average 
0 0 0.00 0.8 0.0 0.0 0.7 
1 0.16 2.8 17 1.6 2.4 
Ne eee 0 0 0.00 0.2 0.0 0.0 0.2 
0 3 0.14 1.4 10 0.0 1:5 
Total last 5 lines.................: 1 8 0.39 8.8 23 1} 4 73 
64 |201 | 9.9 | 117 11.8 /100 [100 [100 
TABLE 24.—Frequency of earthquakes (Percentage of total in each column) 
Shallow shocks Deep shocks. depth of focus 
Region 
Class a, | Class, | Class ¢ | 10025 | 150-25 | 175-280 | >280km 

Circum-Pacific Belt... 75 863 83 944 93 70 100 
ZONE, 234 94 9} 53 7 30* 0 
Arctic, Atlantic, Indian Ocean........ 13 23 6 0 0 0 0 
_ 0 14 1} 0 0 0 0 


*1} per cent without Hindu Kush shocks. 


which clearly diverge too much for mere statistical fluctuation, as in the Atlantic 
with g = 40. In some regions, such as the New Hebrides and South America, where 
intermediate shocks are frequent and sometimes difficult to distinguish from the 
shallow shocks, statistics of the latter may be in error by omission or inclusion. 
Moreover, the magnitudes of shocks deeper than about 30 km. are probably under- 
estimated; this error increases with depth. 


Similar conclusions may be drawn from the percentages in the last three columns: 


of Table 23, which have been used in estimating relative seismicity of different reigons 


throughout the preceding discussion. In each case it is necessary to consider the. 


extent of the particular sector being examined. Thus 14.1 per cent of class a shocks 
are assigned to South America; but this represents an extent of 40° of latitude, so 
that the activity indicated is actually less than for Mexico, with 6.3 per cent in a 
much shorter sector. 

Table 24 gives a statistical summary for the larger geographical units and for 
shocks at all depths. The data for intermediate shocks are undoubtedly affected by 
the geographical distribution of stations, as no magnitude scale is applied. For 
shallow shocks there is no such difficulty. The conspicuous excess of class a shocks 
in the trans-Asiatic zone is in part due to an unusual number of these before 1922 
but nevertheless represents a real difference in type of seismicity. 
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Table 25 presents statistics for two selected areas. That referred to as “Souther 
California,” which includes a small part of Mexico, is bouaded by the parallel of 
32° N., the meridian of 115° W., the California-Nevada State line, the parallel of 
38° N., the meridian of 120° W., the parallel of 36°, and the continental margin, 
This includes about 300,000 sq. km., or about 0.06 per cent of the earth’s surface, 


TABLE 25.—Mean annual numbers of shallow shocks in selected areas 


Magnitude (range + } unit) 
Region 
| | | a] s 
Observed 

0 0 0.09} 0.2 | 0.5) 1.4 3.4 11.5} 33) ? 
0.02) 0.04! 0.09) 0.0} 0.6) 1.8 6.0 16.2) 46) ? ? 

Calculated from equations (2) to (4) 
nce 0.01! 0.03) 0.07) 0.2 | 0.5) 1.4 12 30} 83} 229 
New Zealand.............. 0.01} 0.03) 0.09} 0.3 | 0.7; 2.0) 5.8) 16 46} 129) 363 
Whole Garth: ands 1.3 | 3.7 (34 |322 (976 ‘3000 9000/28000/85000 


That indicated as ‘‘New Zealand,” which includes the most active area of the North 
Island and part of the South Island, is bounded by the parallels of 38° and 42°S.,, 
and the meridians of 172° and 178° E., including about 225,000 sq. km. 

The annual averages for Southern California are based on shocks from January 
1934 to May 1943, inclusive. Those for New Zealand are taken from the bulletins 
issued from Wellington for the period October 1940 to January 1944, inclusive; 
they are based on torsion seismometers of the same type as those in Southern Califor- 
nia, using the same methods of determining magnitudes. 

The method of least squares was again applied to represent the dependence of 
the annual numbers N on the magnitudes M (in steps of half a magnitude unit) 
in the form log VN = a+ 6(8— M). For Southern California 


a = —2.04 + 0.09, $008 4008 (3) 


and for New Zealand 
a= —1.94, (4) 


In both areas the logarithmic law applies at least as far down as magnitude 4. Note 
that the values of a in (3) and (4) cannot be compared with those in (1) and (2). For 
comparison, annual numbers for half-unit magnitude steps for the entire earth have 
been calculated, using the result (2) and entered in the last line of Table 25. These 
are based on shocks of magnitude 7, 73, and 8 but fit the available statistics down to 
magnitude 6. 

Since shocks of magnitude 2.5 are regularly reported felt in settled districts, 
perceptible shocks number at least half a million annually, not counting aftershocks 
and swarms of small shocks. The total number of true earthquakes must be high 
in the millions each year. 
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The functional relation between magnitude and energy release in shallow shocks 
has been redetermined (Gutenberg and Richter, 1942) and given the form 


where £ is in ergs and M is the magnitude of the given shock. The result of (2) 
is closely represented by 


Combining (5) and (6), 


Here VE is the energy annually released in shallow shock within a range of 0.1 

magnitude centered at the given M. Consequently, the annual energy release near 

any given magnitude is 6.3 times that released near a magnitude level one unit lower. 
(7) can be integrated, with the result 


which is sufficiently close when M ranges from 4 to 8}, but should not be applied 
beyond these limits. £* is then the annual energy release in all shocks up to magni- 
tude M, which consequently also increases by a factor 6.3 for an increase of one unit 
in the magnitude. Particular values are: 


M =5 6 7 8} 
log E* = 23.1 23.9 24.7 25.5 25.9 


Difference between successive values of log E*, and consequently the ratios of 
energies released up to successive magnitude levels, are well determined. The 
absolute values of E and £* are less certain, because of difficulty in fixing the zero 
of the empirical magnitude scale in terms of alsolute units. 

Since 1904 the greatest release of energy in a single year was that in 1906, which, 
applying (5), gives log E = 26.9 for the year. The minimum observed annual release, 
which has occurred in several different years, is about log E = 25.3, giving a range 
from observed minimum to maximum of about 40 fold. 

The results support in detail the previous conclusion that smaller shocks almost 
never are sufficiently frequent to approximate the energy released in larger shocks. 
This means that great shocks are essentially independent events, uninfluenced by 
the occurrence of smaller earthquakes, which are at most symptoms of the regional 
strains released in the major shocks. 

From this it appears that the percentages of class a and class b shocks (Table 23) 
are sufficient indication of the relative energy release in various regions. Gutenberg 
and Richter (1944) have presented a revised account of activity in the region of 
California, assigning to the California-Nevada area about 23 per cent of the seismicity 
of the world, and 3 per cent to the selected area referred to in connection with Table 
25. These estimates have been reached with the assistance of the historical record. 

The lists of class a and class 6 shocks in this and the previous paper are well adapted 
for investigating possible periodicities, since they present a total of 265 large shocks 
selected on a uniform basis. For the northern hemisphere 87 shocks are listed from 
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April to September, and 81 from October to March; for the southern hemisphere 
the numbers for the same months are 49 and 47 respectively. There is thus no clear 
evidence of a seasonal effect. However, north of 20° N. there are 65 shocks from 
June to November and 44 from December to May. 

The shocks were examined for local time. No clear evidence of a 24-hour or 
12-hour periodicity was found. There is an apparent 8-hour period, with 156 
shocks in the maximum 4 hours and 110 in the minimum 4 hours, the maxima being 
at about 24, 10%, and 183 hours of the local day. This should be compared with the 
similar results of Conrad (1932, p. 1097-1101). 


EARTHQUAKES AND OTHER PHENOMENA 


TYPICAL FEATURES 


_The writers (1941) pointed out that, in the circum-Pacific belt, earthquake foci 
at given depths fall into definite places in a series of consecutive linear features, 
which occur in the same order in all sectors. Except for a few structurally com- 
plicated areas, which will be discussed individually, the following is a general descrip- 
tion. 

The series of features is usually associated with curved structural arcs. Where 
the curvature is definite, the normal order is as follows, beginning on the convex side: 

(A) An oceanic trench, trough, or foredeep. 

(B) Shallow earthquakes and negative gravity anomalies, occurring in a natrow 
belt on the concave “landward” side of the submarine trough. Frequently the ocean 
bottom here rises in a ridge, which may emerge into small islands (not volcanic). 

(C) Maximum of positive gravity anomalies. Earthquakes near the boundary 
between shallow and intermediate depth, frequently large. 

(D) The principal structural arc, consisting of mountains of late Cretaceous or 
of Tertiary age, usually crowned with active or recently extinct volcanoes. Below 
this intermediate shocks occur at depths of the order of 100 km. Gravity anomalies 
decreasing. 

(E) A second structural arc, with volcanic activity usually older and sometimes 
in a late stage, associated with shocks at depths of 200-300 km. 

(F) A belt in which deep shocks occur (focal depths 300-700 km.). 

The maps of the present paper have been drafted especially for the study of these 
features. Gravity data are taken from Meinesz et al. (1934), Heiskanen (1936), and 
from other sources detailed in the previous paper. 

With some hesitation, we have mapped volcanoes, intending to show only those 
which have erupted within historical time or extremely recently. Volcanoes now 
only in a late or solfataric stage, or those of whose eruptions there is only doubtful 
tradition, are omitted. The mapping is intended only as an auxiliary indication 
of volcanic lines for correlation with other features and is not offered as a document 
in volcanology. 

The principal authorities consulted were Anderson (1908), De la Riie (1937), 
Fisher (1940), Fujiwhara (1927), Milne (1884; 1886), Neumayr (1920), Reck (1929- 
1936; 1935), Reck and Hantke (1935), Rudolph (1887; 1895; 1898), Russell (1897), 
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Stehn (1927), Tanakadate (1931-1939; 1937), and Wolff (1929; 1930). Numerous 
minor notes and scattered references were also used. The writers are indebted to 
Mr. H. O. Wood for valuable discussion and suggestions. 


NORTH AND CENTRAL AMERICA 


For the Aleutian-Alaskan arc gravity data are insufficient. Opposite the center 
of the arc begins A, the Aleutian Trench, which continues eastward into the Gulf 
of Alaska. This is well shown on a recent chart (Hydrographic Office, 1939). At 
the east it is clearly paralleled by feature B, including shallow earthquakes and an 
outer chain of islands, while the volcanic arc D extends up the Alaska Peninsula 
north of these and is accompanied by the few known shocks deeper than 100 km. 
No earthquakes which might belong to features E and F are known. 

The next sector, from eastern Alaska to northern Mexico, presents almost none of 
the typical features being discussed. The meager gravity observations (Meinesz 
et al., 1934) indicate considerable negative anomalies off San Francisco and off 
Lower California near 27°N. There isno oceanic trench. Only shallow earthquakes 
are known, at least seven of which have been accompanied by observed surface 
faulting. Volcanic activity is low: active volcanoes are few, and Fig. 4 shows only 
the best documented. These are Mount St. Helens in Washington, Lassen Peak 
and the adjacent Cinder Cone in California, and Tres Virgenes in Lower California. 
Eruptions attributed to other peaks such as Mounts Hood, Baker, and Rainier 
have been considered questionable. Several very fresh-appearing cones and flows, 
such as those of Lava Butte in Oregon, have been omitted for lack of authoritative 
dating. 

Except perhaps for Tres Virgenes, all the active volcanoes are inland from the 
principal seismic zone, which runs through the Coast Ranges. However, large 
shallow shocks occur inland, particularly at the east base of the Sierra Nevada, where 
the numerous conspicuous vents show no positive evidence of activity since the 
Pleistocene. 

In the region of Mexico and Central America nearly all the features under dis- 
cussion exist. Those of Mexico have trends which associate them with the branching 
of the Caribbean loop from the Pacific belt. Feature A is the trough including the 
Acapulco Deep and the Guatemala Trench. Feature B is clearly indicated by the 
extremely active belt of shallow earthquakes just inland from the coast, extending 
from Colima to Oaxaca. The mountains of this part of Mexico thus correspond in 
position to the geologically young (and nonvolcanic) submarine ridges elsewhere 
about the Pacific. There is also an associated zone of negative gravity anomalies. 
Observations by Meinesz indicate a minimum just off the coast in longitude 103° W., 
and anomalies becoming negative at the coast in longitude 98°. Observations on 
land (Ruiz, 1937) show negative anomalies in and north of the volcanic belt; between 
this and the coast the stations are few and scattered. Feature Dis the main volcanic 
axis of Mexico; shocks with depths near 100 km. are now known along almost its 
entire length, while shallow shocks here are small or rare. 

Off Central America, feature B is represented by shallow shocks, less frequent and 
generally smaller than those of Mexico (Fig. 5). The active belt is particularly well 
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marked to the southeast, where it finally diverges from the coast of Panama, in a 
probably complex submarine area where the other features cannot be traced. The 
whole series of features is laterally compressed in Central America, but the line of 
feature C is indicated by slightly deeper shocks. Feature D is plainly marked by 
the volcanic belt, associated chiefly with shocks at depths near 100km. A few shocks 
at depths over 200 km., associated with extinct volcanoes, represent feature E, as 
in Chiapas and near Guatemala City. 

In the Caribbean loop the typical features are best developed in the eastern arc 
through the Lesser Antilles. The convex front of the structural complex faces the 
Atlantic Ocean; this is an instance of a Pacific-type structural arc for which the 
exterior is not Pacific. Feature A is expressed in the very deep Porto Rico Trough; 
the corresponding depths are not so great along the arc to the southeast, where the 
other features are more in evidence. Shallow earthquakes occur next in order, 
marking feature B, associated with a very strong belt of negative gravity anomalies, 
and also with the nonvolcanic Barbados Ridge. Feature D is the main volcanic 
arc. The one well-observed intermediate shock, that of July 6, 1940 (No. 3 p) was 
at first placed somewhat east of these islands, but revised location, using recently 
received readings from La Paz and other stations puts it directly under St. Vincent. 

The remainder of the loop shows lower seismicity and is undoubtedly more com- 
plicated. For discussion of gravity anomalies and geology see Hess (1938). The 
connections with the Mexican structures at one end and the Andes at the other show 
evidence of branching and other complexity. The Cayman Trough (which includes 
the Bartlett Deep) is associated with shallow shocks, chiefly on its south edge, and 
with a minor zone of negative gravity anomalies. The negative gravity anomalies, 
accompanied by shallow shocks, north of the Dutch West Indies, indicate feature B. 
Intermediate shocks in Venezuela, east of Cumana, suggest feature D, but the princi- 
pal seismic zone here extends inland from Trinidad, following the main structural 
belt connecting with the Andes, accompanied by earthquakes which are shallow or 


slightly deeper. 
SOUTH AMERICA 


Here there are no submarine gravity observations. Those on land (Aslakson, 
1942) are relatively few and suggest such complexity that more are urgently needed 
before interpretation is attempted. Feature A is represented by a series of troughs 
extending with interruptions to about 37°S. The shallow and slightly deep shocks, 
representing features B and C, follow the coast to about this same latitude. They 
are not easily separated. Especially in central Chile the slightly deep shocks prob- 
ably predominate. In that region such a typically shallow shock as that of March 
18, 1931, which developed unusually large surface waves and apparently originated 
off the coast, must be considered exceptional. 

Feature D is a conspicuous structural line which includes all the active South 
American volcanoes. From about 2° to about 15° S. the volcanoes are absent, but 
the line is followed throughout by shocks at depths of 100 to 150 km., again down to 
latitude 37° S. Beyond, the volcanic activity continues, but only one intermediate 
shock is known in this region—that of March 1, 1934, at 40° S. 723° W. (No. 26). 
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This was a large earthquake, felt strongly at Valdivia. It would be difficult to locate 
smaller shocks so far south. 

Feature E is typically developed in the eastern Puna de Atacama, between 20° 
and 25° S. at about 67° W., where shocks at depths of 200 km. and more are very 
frequent, following a line of extinct volcanoes. Similar shocks occur elsewhere 
along the eastern Cordillera. 

Feature F is represented by shocks at depths of 550 km. or more, east of the Andes. 
These are rather infrequent, and the epicenters are either isolated or in small groups, 
but they probably indicate a continuous active line. 

The South American structures thus front toward the Pacific; however, this part of 
the ocean is not included in the principal Pacific basin, from which it is separated 
by the Easter Island Ridge. The intervening area is in large part of continental 
character, though it may include isolated patches of Pacific type. 

The Southern Antilles are closely analogous to the Caribbean loop. Here also 
the typical features are best developed at the east, fronting on the Atlantic. There 
are no gravity data. Feature A is the South Sandwich Trench. Feature B is well 
represented by shallow shocks. For feature D we have four shocks with depths 
from 80 to 170 km., and also the active volcanoes of the South Sandwich group. 


SOUTHERN AND EASTERN PACIFIC 


Present information suggests describing as a unit the seismicity of a belt which 
extends southward from Oaxaca in Mexico, passes west of the Galapagos Islands 
along the Easter Island Ridge into the Antarctic Pacific, and thence apparently 
continues along the Antarctic-Indian Swell south and southwest of the Macquarie 
Islands. The seismicity of this belt, which probably follows the boundary of the 
Pacific basin proper, is unique in the Pacific area, rather resembling that of the 
Atlantic or the Indian oceanic belts. Large shocks are rare, although in some 
portions shallow shocks are fairly frequent. No intermediate or deep shocks are 
associated with the belt, and no volcanic activity is known. To the east, between 
the Easter Island Ridge and the mainland of South America, there are volcanic 
islands; in the’Galapagos groups some of the volcanoes are active. The few inter- 
mediate shocks of the southeast Pacific are in this area, and not on the Easter Island 
Ridge. No shocks are known along the Ridge or its continuation between longitudes 
152° W. and 160° E., so that any drawing of an active belt across this interval is 
hypothetical. 


NEW ZEALAND TO NEW GUINEA 


From Macquarie Island to the South Island of New Zealand is a belt of shallow 
shocks, with some others, slightly deeper, indicating features B and C. There are 
no suboceanic features, no gravity data, no known volcanism, and no very deep 
shocks (Fig. 6). 

Typical features appear northward from the North Island of New Zealand, along 
the east front of the Tonga Salient (Fig. 7). The structural arcs are slightly convex 
to the east. The only gravity observations are those of Hecker (Heiskanen, 1936, 
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p. 932) giving negative anomalies of about 200 milligals over the Tonga Deep and 
positive anomalies of about the same amount over the Tonga Plateau. 

Feature A is expressed in the deep trenches east of the Tonga and Kermadec 
island groups. Feature B is indicated by shallow shocks occurring between these 
trenches and the islands. Feature D is formed by the line of islands, many of 
which have active volcanic vents; it continues into the Taupo district of New Zealand. 
The Samoan volcanoes are not included, since they are of interior Pacific type like 
those of Hawaii. - Shocks at depths of 100-200 km. accompany the volcanic line; 
some in New Zealand are particularly well established. Feature F is exceptionally 
well developed; the belt of deep-focus shocks west of the island line is the most 


active source of such shocks known. Between this and feature D shocks occur at 


depths of 300-400 km. 
The north side of the Tonga salient, as indicated by shallow shocks, follows the 


andesite line, running roughly east and west just north of 15° S., placing the Fiji 
Islands within the salient. No oceanic deeps are known, and other features are 
doubtful or poorly represented. 

Judged by the relative position of consecutive features, the structures of the 
New Hebrides face to the southwest, away from the Pacific basin. The structural 
arcs seem to be slightly convex to that side. Feature A consists of troughs southwest 
of the islands. Shallow shocks, if any, occur adjacent to the troughs, but there is 
often indication of focal depth which suggests feature C rather than B, so that the 
results resemble those for the coast of Chile. Feature D is the island line itself, 
with active volcanoes and definitely intermediate shocks in rather large number. 
Still deeper shocks, suggesting feature E, occur on the northeast side of the islands. 

The southern and central Solomon Islands appear closely analogous to the New 
Hebrides, with troughs and shallow shocks to the south (Fig. 8). Here shallow shocks 
are in general larger and more frequent than in the New Hebrides, while intermediate 
shocks are less common, and the volcanic activity is lower. 

West of the Solomons is the structural arc of New Britain, which has a very ab- 
normal direction, convex to the south and east. There is a foredeep (feature A). 
Features B and C are represented by shallow and slightly deep shocks, not easily 
separated. The volcanic line of feature D here follows the northwest concave coast 
of New Britain; two shocks at depths of 100-150 km. are associated with it. Fea- 
tures E and F are apparently unrepresented. At the north end of the volcanic arc, 
near Rabaul, are two well-determined epicenters for shocks at depths near 350 km. 
A third such shock, mapped about 1 degree to the north, is less well located. 

The region immediately east of New Britain, including Bougainville Island in 
the Solomons, is a disturbed area of great complexity. At 7° S. 153° E. is shock 
No. 84 (Dec. 25, 1918), with a depth of 450 km. This peculiarly placed epicenter 
cannot be more than 2° in error, nor the depth by more than 100 km. 

The structures including New Ireland and the Admiralty Islands, accompanied 
by shallow shocks, may be regarded either as a loop in continuation of the New 
Britain arc or as an extension of the northern line of the Solomon Islands. The 
frequent intermediate shocks of northeastern New Guinea fall in the volcanic line 
which passes west from New Britain through small islands off the New Guinea coast 
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(Fisher, 1940). However, they all also fall into a structural arc extending from 
Central New Guinea into the southeastern peninsula, where there are active vol- 
canoes. North-central New Guinea is a region of frequent shallow earthquakes, 
some of them large, and there is a foredeep (not well shown in Fig. 8) off the north 
coast. Other typical features do not appear. 


MARIANNE ISLANDS, HONSHU, KAMCHATKA 


In the arc of the Marianne Islands, feature A consists of the Marianne Trench 
(including the Nero Deep) and the Bonin Trench. It extends in less continuous 
form southwestward past Yap. Feature B is confirmed by the gravity observations 
of Meinesz on two profiles, one approaching Guam and one crossing Yap. Negative 
anomalies here coincide with the better-located shallow shocks between the islands 
and their foredeeps. Anomalies become positive approaching the islands. North 
of Guam there is clear separation between shocks at slightly greater than normal 
depth, which occur to the east (feature C), and the shocks at depths over 100 km. 
along the volcanic island arc D. At 17° N. and 18}° N. are two well-determined 
shocks (Nos. 171, 171 f) at depths over 500 km. (feature F) close to the islands or 
west of them. 

Between the Marianne Islands and Honshu all the features are known (PI. 1). 
The gravity data are taken from Matuyama (1936). Feature A is the southern 
part of the Japan Trench. Feature B, the strongly marked belt of negative gravity 
anomalies, follows the western slope of the trench. Itis accompanied by some shallow 
shocks, mostly small in this sector. There is no accompanying ridge, except at the 
south, where a swell emerges into Titizima and other islands; however, this ridge 
appears to be associated with positive gravity anomalies. The principal area of 
positive gravity anomalies, farther north, includes the volcanic island arc (feature D), 
which is associated with a few intermediate shocks (depths 100-200 km.). Features 
E and F are represented by the broad and very active belt of deep shocks which 
diverges from the other features with a northwesterly trend; shocks at depths near 
200 km. occur at its eastern margin, and shocks deeper than 500 km. at the west. 
This belt continues directly across Japan and probably crosses the Japan Sea. On 
Honshu it is apparently paralleled to the east by a belt of relatively low gravity, 
which interrupts the otherwise well-marked belt of positive anomalies running north- 
ward up the east coast. Shallow shocks in the region of Tokyo fall in this low- 
gravity belt. 

Most of the large shallow shocks of the Japanese region occur in the belt of strong 
negative gravity anomalies (feature B) as it continues northward on the west side 
of the Japan Trench. Between latitudes 35° and 41° there is a structural arc clearly 
convex toward the Pacific. Feature C is here shown by numerous shocks at depths 
of 70-100 km., and shocks at depths of over 100 km. are associated with the main 
volcanic line (feature D). The occurrence of shallow shocks on the Japan Sea 
coast is not a feature associated with this group. There is also a belt of lowered 
gtavity at the northern end of the Honshu arc, suggesting the commonly indicated 
extension of the structures of Honshu across Hokkaido to Sakhalin, where shallow 
shocks occur. 
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The last arc of the main circum-Pacific series, again convex toward the Pacific 
basin, is that of the Kurile Islands. Feature A is the Kurile Trench. Feature B is 
represented by many shallow shocks, frequently large; at the south end, negative 
gravity anomalies are known. Feature C is marked by a few shocks definitely 
assigned to depths of 70-100 km., and more suspected of such a depth, between 
the shallow earthquake belt and the island arc, which with its active volcanoes and 
intermediate shocks represents feature D. Feature E is indicated by a few shocks 
at depths over 200 km. on the concave side of the main arc. It is clearly evident in 
Kamchatka (Fig. 3), where there are two volcanic lines, the eastern now active, the 
western practically extinct (Reck and Hantke, 1935). Feature F is the “Soya deep- 
focus earthquake zone” of Wadati, with focal depths mostly deeper than 400 km. 
and descending to 600 km. 


JAPAN TO PHILIPPINES 


The arc from Kiushiu to Formosa through the Riukiu Islands is convex to the east. 
It fronts not on the Pacific Basin proper but on the Philippine Basin, which is an 
area of prevailingly continental type. The foredeeps which constitute feature A 
exist but are not so marked as the Japan Trench or Kurile Trench. Shallow shocks, 
the deeper shocks of feature C, and the intermediate shocks and volcanoes of feature 
D occur in regular order. There are no deep shocks to be assigned to feature F, 

The next arc, also convex to the Philippine Basin, extends from Formosa into north- 
eastern Luzon. The only well-marked feature is D, which includes submarine vol- 
canism southeast of Formosa, as well as the active volcanic chain in the Batan and 
Babuyan islands, where there is one well-determined shock with a depth of 170 km. 
(No. 136, Dec. 21, 1930). 

Next is the chiefly submarine seismic zone which passes down the west coast of 
Luzon, apparently turning southeast between that island and Mindoro. At the north 
most of these shocks are shallow, and many are large. Southward, the majority of 
shocks have usually not well-determined depths from 80 to 150 km. At least two 
certainly have depths near the latter level, indicating feature D. Toward the south 
there are also volcanoes in this line (which includes Taal). 

The principal structural arc of the Philippines, well shown on the maps giving 
Repetti’s results (Willis, 1944), displays practically all the typical features. The 
arc extends southward at least to the Talaud Islands and northwest into Luzon. The 
southern part of this arc appears on Figure 9. Feature A is the Mindanao Trench 
or Philippine Deep, the most remarkable foredeep known. Feature B is well marked 
by numerous and often large shallow shocks just west of this trench. Meinesz’ 
data show large negative gravity anomalies on one cross profile near 10° N., and 
continuously in the southern part of the arc. Feature C is suggested by a few shocks 
of the “S” group. Feature D is plainly shown at the northwest, where the active 
volcanic arc, including Mayon, has at least one shock at a depth of 160 km. (No. 
133 t, Feb. 5, 1938). At the south there are shocks at depths over 100 km. under 
eastern Mindanao, but no accompanying volcanic activity. The volcanoes here 
are farther west, suggesting feature E; only one is now active—Camiguin, the northern- 
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most. Feature F is positively indicated by a series of very deep shocks, with epi- 
centers close to this volcanic line. 

Very few shocks are associated with the complicated structures of the central 
Philippines. 


EAST INDIES 


In the nerthern Moluccas there are two opposing structural arcs: that of northern 
Celebes and the Sangi Islands, convex eastward, and that of Halmahera, convex 
westward (Fig. 9). Both show all the characters of feature D, with active volcanoes 
and accompanying intermediate earthquakes. The numerous intermediate shocks 
south of the northern peninsula of Celebes appear on the map as an east-west line; 
this line is actually the equator, and the result is due to assigning latitudes to the 
nearest half degree. 

Midway between the two opposing arcs is a ridge accompanied by shallow earth- 
quakes, which is also an axis of very large negative gravity anomalies. This there- 
fore is a feature of type B, which may be considered as common to the two arcs. 
Deep shocks representing feature F occur to the west in the interior of the Celebes- 
Sangi arc. 

Scattered shallow shocks, some large, near the coasts of Borneo and Celebes are 
associated with Macassar Strait, an interior fracture of the stable mass of which 
Borneo is a part. Earthquake epicenters fail to indicate the hypothetical southward 
extension of the Celebes arc, which is based on the geology and on a few gravity 
observations. 

The next clearly defined structural arc surrounds the Banda Sea from Ceram to 
Timor and fronts toward New Guinea and Australia (Fig. 10). Most of the typical 
features appear; the only apparent abnormality is the Weber Deep interior to the 
arc. There is an exterior trough (feature A) between the principal arc and New 
Guinea. Feature B, well shown by the belt of gravity anomalies, follows the arc 
of small islands from Ceram through the Tanimber Islands; this is also a locus of 
shallow earthquakes (including the great shock of 1938). Feature D appears as an 
inner arc of small volcanic islands, accompanied by epicenters of intermediate earth- 
quakes. The Weber Deep lies between these and feature B; it represents an exagger- 


_ ation of the depression which normally occurs between the corresponding features. 


Feature F may be represented by a few shocks at depths near 400 km. 

Next follows the long Sunda arc, beginning east of Flores and continuing through 
Java and Sumatra into the Nicobar and Andaman island groups. This arc fronts 
on the Indian Ocean (Figs. 10, 11). The typical features (except £) appear, with 
considerable variation in expression along the arc. (For detailed discussion see 
Gutenberg and Richter, 1941, p. 111.) 


OTHER REGIONS 


Outside the Pacific region, the structures most nearly resembling those just dis- 
cussed are the arcs of the Alpide front of the trans-Asiatic zone. The Himalayan 
arc has a foredeep—the Ganges depression—and a parallel belt of negative gravity 
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anomalies; large shallow earthquakes also occur along the front. The arc is accom- 
panied by shocks in the upper levels of the intermediate earthquake range. 

The Burma arc shows intermediate or slightly deep earthquakes exclusively; 
the shallow shocks of the region belong to a different structure east of thearc. The 
Himalayan and Burma arcs front toward the continental stable mass of peninsular 
India. 

In the Mediterranean area there is a possible correlation between volcanoes and 
intermediate earthquakes. Thus, intermediate shocks occur in the Aegean region, 
where there is an active volcano (Santorin), and also in the region of Italy and Sicily, 

The frequently repeated intermediate shocks of the Hindu Kush and Rumania 
occur under extremely disturbed structures but show no other relation to the features 
here considered. 

Shocks in the trans-Asiatic zone, apart from the Alpide belt, are all shallow, 
following the trends of numerous structures instead of occurring in a narrow belt; 
this is a non-Pacific type of activity. In spite of present and recent volcanism, the 
same may be said of the Atlantic-Arctic belt, the central belt of the Indian Ocean, 
and the zone of the African rifts. 


MECHANISM 


Data of all kinds provide material for geophysical discussion of the processes 
now going on in the typical structural arcs. These are associated with geologically 
young folding. On the other hand, where earthquakes are primarily associated 
with block movements, the phenomena of the typical features do not appear, and 
there is correspondingly less basis for mechanical interpretation. 

The latter is the case for earthquakes associated with margins of stable masses, 
and their interior rifts, or even in areas between stable masses and active seismic 
zones. There are sectors in the Pacific belt, as in California, where the typical 
arc phenomena are imperfectly developed, while block faulting is at least as well 
developed as young folding. 

A different problem is presented by the elongated features of the submarine ridge 
type, including the Easter Island Ridge, the Indian-Antarctic Swell, the Atlantic- 
Arctic Ridge, and the similar feature or features in the central Indian Ocean. These 
show only shallow earthquakes (frequent in certain sectors but rarely large), locally 
contemporary volcanism and no gravity anomalies comparable to those of the Pacific 
type structures. Conditions agree with the interpretation suggested in the previous 
paper—that these are comparatively young mountains, in which the process of 
folding has largely come to a halt and is being replaced by fracturing under a new 
system of stresses. 

At present, active structures exist only in the circum-Pacific belt. Activity is 
here taken to be indicated by earthquakes (deep as well as shallow) in association 
with active volcanoes, large gravity anomalies, and high relief (including both 
foredeeps and young ridges). Outside the Pacific belt such arcs as that of the Hima- 
laya retain traces of similar activity, which has begun to decrease only in geologically 
recent time. Hess (1938) has suggested that serpentinites, now found along a hypo- 
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thetical extension of the Caribbean anomaly belt through Cuba, indicate the former 
existence of structural forms which have disappeared as the stresses maintaining 
them were relaxed. 

In nearly every case the foredeep forms an outer boundary to the active structure; 
outside it there are no signs of crustal disturbance.: There is no such boundary on 
the opposite side, where the disturbed zone dips below the surface and may extend 
for a great distance. The whole series of typical features is unilateral. 

The convex face of the structural complex, marked by the foredeeps, is referred 
to as the front of the structural arc. In this terminology, only a certain number of 
the Pacific arcs front on the Pacific basin proper. These are those from the Mari- 
anne Islands to Alaska and those on the east face of the Tonga salient. In the New 
Hebrides and most of the Solomon Islands the front is directly away from the Pacific 
toward the Australasian continental area. 

The arcs of the eastern Caribbean loop and of the Southern Antilles front on 
the Atlantic. The Caribbean loop in a sense has a double front, since it is closed 
by the westward-fronting structures of Central America. An opposite type is 
represented by the arcs of Celebes and Halmahera, which front toward each other. 

The Sunda arc fronts on the Indian Ocean, while that of the Banda Sea fronts 
toward the masses of New Guinea and Australia. This may be compared with the 
situation of the Alpide arcs of Himalaya and Burma, which front toward the stable 
mass of peninsular India. Other arcs front on outlying areas of the Pacific Ocean, 
which are principally continental in character; such are the arcs of the Philippines 
and the Riukiu Islands, as well as those of South America. 

The active arcs are thus grouped about the Pacific Basin at various distances 
and frequently are separated from it by areas of continental character Moreover, 
the southeastern boundary of the Pacific Basin shows activity of a different type. 
Thus the active arcs are not directly correlated with the boundary of the Pacific 
Basin, or with the discontinuity in structure and in material which it indicates. 
Rather, they arise in a wide disturbed zone extending from the Pacific Basin far 
into the surrounding continerital areas Are these perhaps areas which were formerly 
part of the Pacific Basin, and have subsequently been occupied by continental 
masses? 

In proceeding to geophysical interpretation, it should not be overlooked that, in 
spite of the occurrence of deep-focus earthquakes, the data of seismology indicate 
no difference in the accessible physical properties between rocks underlying oceanic 
and continental areas at depths in excess of about 70 km. 

The typical features, especially gravity anomalies and such forms as foredeeps, 
can be maintained only by continuing processes, which must have a nonsymmetrical 
character to account for the unilateral order of the features. This order must be 
determined by a direction associated with these processes, and not with the direction 
toward the center of the Pacific Basin. The Basin itself plays a completely passive 
role in the development of structural arcs; its internal activity is local and of a 
different character. 

Since foredeeps exist, the relative movement of surface rocks in the active arcs 
must be outward and downward. This may be interpreted as due either to forces 
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applied near the surface, pushing the rocks down toward the foredeep, with compen- 
sating subcrustal movements (theory of continental spreading), or to forces originat- 
ing at depth, causing a drawing down of the subcrustal material and a compensating 
movement at the surface (theory of subcrustal convection). 

These general geophysical considerations leave many details incompletely ex- 
plained. One of the most interesting of these is the association with active volcanoes 
of earthquakes at depths of 100-150 km. This suggests a common cause, but hardly 
a direct relation of cause and effect. The temperatures of the hottest lavas ejected 
by volcanoes are in the range believed to obtain at the depths in question (Kennedy 
and Anderson, 1938; Buddington, 1943; Gutenberg, 1939, p. 162). Probably a 
single system of stresses is responsible both for these intermediate earthquakes and 
for the continuing eruptive activity. Earthquake foci are then associated with the 
maximum values of these stresses, which are reached on a surface which dips under 
the structural arc and attains depths of 100 km. or more directly beneath the volcanic 


belt. 
SUMMARY 


The previous geographical results (Gutenberg and Richter, 1941) are extended 
and confirmed. New maps are given, showing earthquake epicenters, active vol- 
canoes, gravity anomalies and oceanic depths. Tabulations now include 64 great 
earthquakes for 1904-1943, 201 major earthquakes 1922-1943, over 1000 smaller 
shallow shocks, over 500 intermediate shocks, and about 250 deep shocks. 

Relative seismicity of different areas is discussed quantitatively. About 80 per 
cent of shallow and intermediate shocks, and all known deep shocks, occur in the 
circum-Pacific belt. Over 10 per cent of shallow shocks, and all the non-Pacific 
intermediate shocks, are in the trans-Asiatic zone. Most of the remaining shallow 
shocks occur in the narrow active belts of the Arctic, Atlantic, and Indian Oceans. 

Structural arcs of the Pacific region typically exhibit the following features in order, 
beginning at the convex side: A, foredeeps; B, shallow earthquakes and negative 
gravity anomalies, following anticlines; C, positive gravity anomalies and slightly 
deeper shocks; D, the principal mountain arc (Tertiary or older), with active vol- 
canoes and shocks about 100 km. deep; £, an older structural arc with volcanism in 
a late stage or extinct, and shocks about 200-300 km. deep; F, a belt of deep shocks 
(below 300 km.). In some arcs only a few of these features can be identified; this 
is true of the similar structural arcs along the southern front of the trans-Asiatic 
Zone. In parts of the Pacific belt structural arcs and the accompanying features 
are absent. In many such sectors there is strong evidence of block faulting in place 
of the folding characteristic of the arcs. 

The structural arcs may be interpreted as due to forces either pushing or drawing 
subcrustal material downward toward the foredeeps, with compensating move- 
ments elsewhere. 
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ABSTRACT 


Earlier studies of factors determining subaerial angles of repose of loose material have produced 
diverse results. In order to obtain dependable information for use in geomorphic investigations a 
controlled experimental study was undertaken. Results show that the angle of repose varies (1) 
inversely with size of fragments in perfectly sorted materials, but directly in those imperfectly sorted; 
(2) inversely with density of fragments; (3) directly with their angularity, roughness, and degree of 
compaction; (4) inversely with height of fall of material on free cones; (5) directly with increase of 
moisture up to the saturation point but inversely beyond that. A slope of repose convex in plan view 
is gentler ~ ane a plane slope, which in turn is gentler than a slope concave in plan view. _Irregulari- 
ties completely buried beneath a pile of loose material have no influence on the angles of repose unless 
the buried slope continues to a free edge over which the material slumps, when increased slope of the 
floor decreases the slope of repose of the overlying material. 

The angle of sliding friction, like the angle of repose, varies inversely with size and density of 
fragments and directly with their surface roughness. For the same material, however, the angle 
of sliding friction is definitely lower than the angle of repose. 

As examples of the practical application of these results to geomorphic studies, the following prob- 
lems are discussed: the weathering back of a mountain front in a hypothetically “‘rainless”’ region; 
the characteristics of talus slopes; the convexity of divides; and the relation of fragment size to steep- 
ness of natural slopes of loose material. 


INTRODUCTION 


REVIEW OF EARLIER WORK 


Subaerial slopes of repose, approximately the steepest slopes which masses of loose 
material can maintain under given conditions, may be observed on numerous land 
forms—talus slopes, sand dunes, cinder cones, and river banks cut in loose material. 
Except for occasional statements, based on observation of natural slopes, that larger 
fragments maintain steeper slopes than do small fragments, geologists have given 
relatively little attention to the factors determining the slope or angle of repose of 
loose material. Moreover, those geologists, physicists, and engineers who have 
studied the problem, by means either of experiments or of observations of naturally 
formed slopes, have reached a great diversity of conclusions (Table 1). 

There is general agreement (Table 1) as to the influence exerted on the angle of 
repose by shape and surface character of the fragments, their height of fall, the amount 
of water present in the fragmental material, the plan-view curvature of the slope, 
and the form of the base on which the material is deposited. Concerning the in- 
fluence of size and density of fragments there is, however, the greatest possible di- 
vergence of opinion. Although some workers believe that size of fragments has 
little or no influence on the angle of repose, many have concluded that the larger 
the fragments are, the greater is their angle of repose (i.e., angle of repose varies 
directly with size). This agrees with most observations of natural slopes of repose. 
Other workers, however, have concluded that the smaller the fragments are, the 
greater is their angle of repose (7.e., angle of repose varies inversely with size). Two 
reports note a reversal of the effect of size in the finer material. With reference to 
the influence of density of fragments, three different conclusions have been reached, 


t 
a 
1 


INTRODUCTION 671 


viz., that the angle of repose varies directly with the density, or inversely, or is not 
affected by it. 


NECESSITY FOR CONTROLLED EXPERIMENTAL STUDY 


Natural slopes are of uncertain value in determining the true influence of these 
factors. In terms of geological time there is no fixed angle of repose at which loose 
material will remain stable, for, given a long enough time, any slope will be reduced, 
even by weathering and mass wasting alone, to more and more gentle inclinations 
(Behre, 1933, p. 623; Heim, 1932, p. 8; Sharpe, 1938, p. 29). One can never be 
sure how much the time factor has modified a given slope. In addition, the char- 
acters of the particles, especial!y their shape and size, vary irregularly on natural 
slopes and may be known only in a general way. This is true also of most of the 
materials that have been used in experimental studies in the past. No attempt has 
been made, as far as is known to the writer, to control the characters of the fragments 
and the conditions of the tests so that one factor may be varied while the others 
remain constant. Study of natural slopes and use of uncontrolled laboratory mate- 
rials probably account for the diversity of results obtained by earlier workers. The 


need for more dependable information for use in geomorphic investigations called 


for a new laboratory study of the problem under controlled conditions. 
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TERMINOLOGY 


Scientists use the term “‘angle of repose” in two different senses. To geologists 
(Behre, 1933; Cleland, 1916; Cotton, 1922; Fox, 1935; Hobbs, 1931; Leggett, 1939; 


Yorton, 1905; Ries and Watson, 1936; Twenhofel, 1932) and as used in this study, - 


the “angle of repose” or “‘angle of rest” is the angle (with the horizontal) at which 
loose material will stand when piled. This is sometimes called the “natural slope”’ 
of the material. Some engineers (Burmister, 1934; Feld, 1923; Gillette, 1920; Kempe, 
1942; Kidder and Parker, 1931; Marks, 1941; Merriman and Wiggin, 1930; Peele, 
1941; Tweney and Shirshov, 1935; Urquhart, 1940) use the term in this way. Other 
engineers (Eshbach, 1936; Hudson, 1917; Marks, 1941; Merriman and Wiggin, 1930; 
O’Rourke, 1940; Rankine, 1921; Trautwine, 1919) and many physicists (Barker, 
1892; Crew, 1927; Heil and Bennett, 1938; Hodgman, 1939; Kimball, 1929; 
Knowlton, 1928; Smithsonian Physical Tables, 1929; Watson, 1934) use “angle of 
repose” to mean what is here called “‘angle of sliding friction,” the angle of slope 
(with the horizontal) of an inclined plane at which a body resting on the plane wili 
first begin to slide. 
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It was the original and major purpose of this study to determine experimentally 
the factors which control the subaerial angle of repose. Lawson (1915, p. 24), how- 
ever, in his discussion of the weathering back of a mountain front in a hypothetical 
“rainless” region, suggests that for the same fragments the angle of repose of talus 
and the angle of sliding friction on a rock slope have the same value. To test the 
validity of this assumption it is necessary to study also the factors that control the 
angle of sliding friction. 


ANGLE OF REPOSE 
METHOD OF OBTAINING AND MEASURING A SLOPE OF REPOSE 


A “natural slope” or slope of repose may be obtained by (1) dropping loose mate- 
ial from above to form a conical pile; or (2) removing support from the edge of a 
pile of material so that the fragments fall of their own weight over a free edge until 
the slope of the pile has reached the angle of repose. Trial has shown that the latter 
method gives the more uniform results, for when a cone is formed by dropping frag- 
ments from above, two angles of repose result. As particles are added to the heap 
they pile up to a maximum angle of repose. From time to time, however, large 
masses slump to a lower or minimum angle of repose. Thus during the growth 
of the pile the angle of repose changes repeatedly. If the addition of material ceases 
just as the maximum angle is built up, the slope will remain at that angle. In other 
tests the addition of material might stop while the minimum angle prevailed. More- 
over, the angle may not be uniform all around the cone, for slumping usually takes 
place on only one section of the cone at a time. Another possible cause of variation 
in angle is varying impetus of the falling particles, caused by changes in height or 
direction of fall. All these causes of variation in angle are more or less effectively 
eliminated when the slope of repose is produced by withdrawing support from the 
base. When this is done the entire mass usually slumps in one movement, attaining 
the angle of repose along its entire length at the same instant. As the impact of 
falling particles is eliminated, the slope is more likely to be uniform and stable. 
With variation in height of slope there would still be variation in impetus of the 
grains as they move downward, with possible effects on the angle of repose. For 
any one series of tests, therefore, essentially constant amounts of material were used, 
so that the heights of the slopes were more or less the same. 

In this investigation slopes of repose were produced by removing support from 
part of a pile of loose material. Two boards were placed side by side on a support- 
ing frame, and loose material was dropped to form a cone lying partly on one board, 
partly on the other (Fig. 1A). When one board was pulled away from the other, 
the pile was split into two parts. That part resting on the unmoved board slumped 
over the newly exposed edge of that board until the angle of repose was attained. 
For most tests the boards were joined along straight edges, producing slopes of 
repose that were plane in plan view. To produce slopes convex or concave in plan 
view (see “Plan-view Curvature of Slope’’), boards were cut to fit together along 
semicircles of 4-, 6-, and 8-inch radii. 

It was found that fragments 1 inch or more in diameter required inconveniently 
large piles of material for the slopes to be of sufficient height for accurate measure- 
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ment. At the foot of a slope produced in the manner indicated there is usually some 
steepening and irregularity, involving two or more layers of the particles. This 
phenomenon may be observed at the foot of a slope of sand, but it is an insignificant 
part of a sand slope several inches from top to bottom. When, however, the indi- 


Ficure 1.—Methods of producing slopes of repose 

(A) Plan view showing pile of sand lying partly on one board, partly on the other. 

(B) Box in which larger fragments were tested. 
vidual fragments are 1 or more inches in diameter, this disturbed bottom zone may 
make up a slope length of as much as 8 or 10 inches, and the more uniform slope of 
repose will begin only above that. To obtain the true angle of repose for fragments 
1 to 3 inches in diameter, the slopes must, therefore, be at least 2 feet long from top 
to bottom. 


To produce such slopes with a moderate volume of coarse fragments the material 


was dropped into a tall relatively narrow box, thus adding height to the pile by 
reducing its width (Fig. 1B). When one end of the box was removed, the material 
slumped over the free edge. One side of the box was made of glass to facilitate 
observing and measuring the angie. A movable partition allowed adjustment of 
the width of the box so that it was always 6 times the diameter of the fragments being 
tested. This permitted reasonably free movement of the material in spite of the 
confining lateral walls. Although some influence of friction with the walls was antici- 
pated, slopes produced by this method actually averaged 2° lower than free slopes 
of the same materials,! indicating that the effect of the confinement was negligible. 


1 When these materials were tested by the first method described (the separation of unconfined piles), the resulting 
slopes of repose were only 8 to 12 inches from top to bottom. It is natural that these slopes, consisting largely of the 
disturbed bottom zone, should average a little steeper than the longer and more representative slopes produced in the 
confining box. The influence of size, shape, and density of the fragments was the same in both sets of tests. 
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Moreover, any frictional influence should be essentially the same in all tests, since 
the ratio of width of box to diameter of fragments was kept constant. 

The angles of repose were measured by specially constructed clinometers (Fig. 2) 
with freely moving arms placed parallel to the slopes of repose. The angles were 
read directly from attached arcs. 


> 


+ 
FiGuRE 2.—Clinometers used to measure angles of repose 
(A) Used with equipment shown in Figure 1A. (B) Used with equipment shown in Figure 1B. 


For each material used, the total number of slopes measured was large enough (20 
for finer materials with little variation in angle, 50 for coarser materials with greater 
variation in angle) to eliminate noncumulative errors due to accidental causes. 
Additional observations, made in some cases, caused no appreciable change in the 
averages, indicating that the latter are sufficiently reliable for comparative purposes 
(Garrett, 1936, p. 200-201). 


FACTORS THAT INFLUENCE THE ANGLE OF REPOSE 


Size of fragments. To determine the influence of size of fragment on angle of 
repose it is necessary to test materials in which size may be varied without changing 
any other factor. This means that artificial materials must be used. Three types 
were chosen: (1) chilled lead shot in the 12 standard sizes (0.05-0.16 inch in diameter); 
(2) unset rhinestones 2}, 3, and 4 mm. in diameter; (3) wooden blocks made in 1-, 
2-, and 3-inch sizes and in 3 shapes (Fig. 3). In addition to these controlled mate- 
rials, 13 grades of sand, 4 grades of crushed quartz, and 4 grades of crushed trap rock 
were tested to see how the results might differ when size was not the only variable 
factor. 

Experiments with dry artificial materials and with closely graded and carefully 
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sieved dry sand (Tables 2, 3, 4, 5) indicate that the angle of repose varies inversely 
with size of fragment. That is, the smaller the fragments are, the greater is their 
angle of repose. This rule, established by carefully controlled experiments, prob- 
ably represents the true influence of grain size on angle of repose. It agrees with 
the results of Auerbach (1901), Linck (1907), Milne (1878), and Thoulet (1887) 


(Table 1). 


\ 
A Bl B2 ¢ 


FicureE 3.—Shapes of wooden blocks 
(A) Cube predominating, with small octahedral faces. (B1) Cube and octahedron equally developed. (B2) Same 
shape with sugface roughened by embossed ridges on faces parallel to grain of wood (front and side) and embossed squares 
on faces at right angles to grain of wood (topand bottom). (C) Otahedron predominating, with small cubicfaces. Ab- 
breviations used for these forms on Table 2 are: C-o, c-o, c-O. 


The angle of repose represents a condition of balance between intergrain friction, 
tending to keep the fragments from moving, and the pull of gravity upon them, 
tending to pull them toa lower position. When the size of the fragments is increased, 
intergrain friction becomes relatively less important and the pull of gravity rela- 
tively more important, with a resulting decrease in the angle of repose. Just how 
intergrain friction is affected cannot be explained simply, for as Terzaghi (1925, 
p. 1026) has pointed out, in contrast to solids, 


“where the contacting bodies are constrained to move parallel to their interface, . . . motion between 
masses of individual grains is a very complex process, involving not merely surface friction, but also 
translation and rotation of the grains.” 

Although angle of repose appears to vary inversely with size of fragments, the 
influence of size is evidently relatively weak, as was suggested by Heim (1932), 
Koegel (1920), Morawetz (1932), Piwowar (1903), Thoulet (1887), and Twenhofel 
(1932) (Table 1). Variations in grain size cause less difference in angle of repose 
than do variations in some of the other factors, such as shape and surface character 
(Tables 2, 3). When grain size and shape vary at the same time, shape appears 
to be the controlling factor in determining the angle of repose, completely eliminating 
the influence of size. This is demonstrated by the larger sizes of lead shot (Table 3). 
As the size of the shot increases, its angle of repose decreases, up to the coarsest 
shot, No. 1. Then suddenly the angle of repose increases. This apparent reversal 
of the effect of size of fragments probably results from a change in shape rather than 
in size. Careful examination of 200 grains each of sizes 1 to 4 revealed increasing 
numbers of grains with flattened surfaces (that is, less perfectly spherical shapes) in 
the larger sizes. The percentages of grains with flattened surfaces were: No. 4, 33; 
No. 3, 33; No. 2, 9; No. 1, 16. In shot No. 2 this deviation from a spherical shape 
apparently weakens the influence of size and makes the angle of repose very little 
less than for No. 3. In shot No. 1 the change in shape is great enough to reverse the 
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TABLE 4.—Angles of repose of rhinestones 


20 measurements of each size. 


i: | Average Distribution of individual measurements 
| 32 324 33 334 34 344 35 354 | 36 | 364 | 37 37} 
2} 36.80 24) 
3 34.40 2 4 3 3 5 PE 
4 33.25 1 4 ‘4 2 4 2 
TABLE 5.—Angles of repose of hand-sieved sand 
20 measurements for each size. , 
Distribution of individual measurements 
id | openings 
250* | 0.0024 | 34.920 7 | 22 
115 | 0.0049 | 34.587 i573] 2 
100 | 0.0058 | 34.525 17} 3 
80 | 0.0069 | 34.400 8 | 12 
65 | 0.0082 | 34.337 
60 | 0.0097 | 34.312 27434 6 
48 | 0.0116 | 34.262 4 
42 | 0.0138 | 34.162 
35 | 0.0164 | 34.063 
32 0.0195 | 34.050 4/;10; 4 Z 
St. Peter 
Sand 
Mesh 
no. 
250 | 0.0024 | 33.475 2 | 18 
115 | 0.0049 | 33.200 4 16 
100 | 0.0058 | 32.975 2 | 18 
80 | 0.0069 | 32.700 4/16 
65 | 0.0082 | 32.575 14| 6 
60 | 0.0097 | 32.425 6 | 14 
48 | 0.0116 | 32.350} 2 | 8 | 10 P 
42 | 0.0138 | 32.225; 8 | 6] 6 
35 | 0.0164 | 32.550 4/10; 4] 2 


* All measurements are mesh.” 


influence of size. That shape has a stronger influence than size is demonstrated 
also by the results with wooden blocks of the first shape (Fig. 3A, cube with corners 
beveled by octahedral faces). For this shape, the angle of repose increases with 
increase in size. Because of the squareness of these blocks they come to rest in a 
variety of positions, causing the angle of repose to vary widely, with little concen- 
tration near the average value. The results are therefore less conclusive than are 
those for the other shapes, for which the angle of repose decreases slightly with 
increase in size. 
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The influence of grain size is apparently reversed also in imperfectly sorted mate- 
rials, such as commercially sorted trap rock and machine-sorted sands and crushed 
quartz (Tables 6, 7, 8). For these materials the angle of repose is greater for the 
coarser grains, which agrees with the results of Bargmann (1895), Behre (1933), 
Leblanc (1842), Shaeffer (1913), and Stiny and Winkler (1931). If this reversal 
were caused by variations in shape from size to size, the coarser grades would have 
to be more angular. For the sands tested this is not the case. Measured by the 
Knight method (see “Shape of Fragments”) meshes 250 and 115 are 61 per cent 
rounded. Meshes 60, 32, 16, and 9 are 62 per cent rounded, while mesh 5, the 
coarsest, is 67 per cent rounded. Variation in mineral composition and therefore in 
density might reverse the influence of size in natural sand, but not in crushed quartz 
and trap rock. 

Apparently the reversal in relationship between size and angle of repose is caused 
by imperfect sorting. It has been reported by Hatch (1932, p. 1325) that the coeffi- 
cient of internal friction of loose material is greater when the percentage of voids is 
smaller. In material of uniform grain size the percentage of voids is relatively high. 
In material of mixed sizes, however, the smaller grains partly fill the interstices and 
reduce the percentage of voids. That is, finer particles mixed with coarser act as a 
binder, holding the mass together by cohesion (Krynine, 1941, p. 172) and making 
possible steeper slopes of repose. In naturally occurring mixtures, the retention of 
small quantities of moisture in the fine material is also of importance in binding the 
material together and causing steeper slopes. Such steepening should be most 
marked in coarser mixtures, for in each finer grade the possible range of still finer 
material which may be included is reduced, and the contrast in size between the 
average grains and the included finer material becomes less. In some cases the 
steepening effect of the included finer material is evidently great enough in the coarser 
grades to reverse the influence of size, with the result that the coarser grades of 
mixed sizes have steeper slopes of repose than do the finer grades.? In imperfectiy 
sorted material the angle of repose may, therefore, vary inversely with size of frag- 
ments in the very fine grades and directly with size of fragments in the coarser 
grades. Such a reversal in relationship was not observed in the experiments here 
described but has been reported by Stiny and Winkler (1931). 

Shape of fragments. ‘Two elements of shape, sphericity and roundness,’ affect the 
angle of repose. 

SPHERICcITY: The concept of sphericity involves both equality of dimensions and 
circularity of outline. With regard to equality of dimensions, a cube or any iso- 
metric form is closer to sphericity than is an elongated form, such as a tetragonal 
prism. Variation in one dimension of the wooden blocks was not introduced into 
these tests because of the unavoidable variation in size which would accompany 


? An attempt was made to test this conclusion by mixing different sizes of lead shot. The results, however, were in- 
conclusive. 

3 Wadell (1932, p.446), the first to distinguish between these two elements of shape, points out that ‘‘a solid may possess 
a maximum degree of roundness and still not be a sphere, or have a high degree of sphericity and noroundness. Thedis- 
tinction is illustrated by the almost spherical dodecahedral forms of garnet, which, if not worn, exhibits non-rounded, 
sharp corners with large obtuse angles.’’? Krumbein and Pettijohn (1938, p. 283) accept this distinction and emphasize 
the fact that roundness is ‘a matter of the sharpness of the corners and edges of a grain, whereas shape (sphericity) has 
to do with the form of the grain, independently of the sharpness of its edges.” 
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it, making it impossible to isolate this factor. In sand there is, of course, some 
variation in sphericity from this point of view. (See below.) A cube, although 
equal in dimensions, is still far from circular in outline. It may be made to approach 
this condition by beveling the corners and edges. The more numerous the beveling 


TABLE 7.—A ngles of repose of machine-sieved crushed quartz 
20 measurements for each size. 


‘ion of openings Average Distribution of individual measurements 
in mes: egrees 
Inches 374 | 38 | 38} | 39 | 39h | 40 | 40g | 41 | 42g | 42 | 43 | 435 
32 0.0195 37.82 
16 0.0390 38.82 214737 15 
9 0.0780 40.52 | 4/6]! 3 
5 0.1560 41.90 1 1 47°41 3 


TABLE 8.—Angles of repose of crushed trap 
30 measurements for each size. 


Average . ss 
of Distribution of individual measurements 


Degrees 
in Inches 


41.90 | 8 | 5 
3 44.03 sisi 

49.52 


faces, the more nearly will the outline approach sphericity, for the angles between 
adjacent faces will become more and more obtuse. ‘To a certain degree, however, 
such a gradation of shape from a cube toward sphericity may be accomplished by 
increasing the size rather than the number of the beveling faces and, because this 
offered less difficulty in manufacture, it was the method adopted in this study. The 
corners of cubes were beveled by octahedral faces of varying size. When the octa- 
hedral faces are very small (Fig. 3A) the cubic form definitely predominates, the 
longest of the interface edges still being right angles. When cube and octahedron 
are equally developed (Fig. 3B) there still are 90° angles in the outline of the block, 
but any one cubic face meets adjacent cubic faces at 90° angles only at four specific 
points, the four corners of the face. Along its edges this face meets octahedral 
faces at obtuse angles. When the octahedral form dominates (Fig. 3C) all the 
interface angles are obtuse. Thus by the gradual elimination of 90-degree angles 
in the outlines of the blocks, this series of forms represents an increasing approach 
toward sphericity. These changes in shape do not change the length of the crystal 
axes. Measurements of angles of repose developed by these forms (Table 2) show 
that the more nearly the form approaches sphericity, the smaller is the angle of 
repose. Similar results were obtained with blocks of all three sizes. In the 1-inch 
size, wooden spheres were added to the series. These have a very much lower angle 


of repose. 
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RouNDNESS: When the boundaries of a cross section of a particle are more or less 
curved, the particle is rounded. In the test described above, even the most nearly 
spherical of the blocks, those with predominant octahedral faces, are still definitely 
angular. Only the wooden spheres are both spherical and rounded, and their much 
lower angle of repose is probably caused largely by their roundness, as opposed to 


A B 
Ficure 4.—Shapes of sand grains 

(A) St. Petersand. (B) ‘‘New Jersey’? sand. Traced from photograph, X13. 
the angularity of the blocks. The influence of roundness is demonstrated also by 
the two types of sand tested. The ‘New Jersey” sand, so named because it was 
purchased from the New Jersey Pulverizing Company, is very angular, with nu- 
merous sharp edges and corners, while the St. Peter sand! is nicely rounded (Fig. 4) 
(Thiel, 1935). As would be expected, in every size the St. Peter sand has a smaller 
angle of repose than does the “‘New Jersey” sand (Table 5). Difference in sphericity 
(in the sense of equality of dimensions), though not marked, may help to cause this 
difference in angle of repose. By the Knight method® of measurement (ratio between 
largest inscribed and smallest circumscribed circles, measured on photographic 
enlargements of the grains), the “New Jersey’’ sand is about 62 per cent spherical, 
the St. Peter about 70 per cent. That is, elongated grains are more common, and 
more nearly equi-dimensional ones less common, in the “New Jersey”’ sand than in 
the St. Peter. 

A closer approach to either sphericity or roundness naturally reduces the angle of 
repose, for it reduces the number of potentially interlocking corners and protuber- 
ances. Although earlier workers did not distinguish between these two elements 
of shape, those who considered the influence of shape agree that a decrease in the 
general “angularity” of the fragments will reduce the angle of repose (Table 1). 

From a practical point of view shape is one of the most important of the factors 
influencing the angle of repose. It has been shown to be more powerful than size, 
at times even eliminating the relatively weak influence of size. Contrasts in angle 
of repose caused by variations in shape are much greater than those caused by varia- 
tions in size (Tables 2, 3, 5). 


4 Obtained from the St. Peter sandstone of Ordovician age through the kindness of Professor George Thiel of the Uni- 


versity of Minnesota. 
5 This method of judging sphericity (properly circularity in one section) was used 15 years ago by S. H. Knight of the 


University of Wyoming in an unpublished study on the rounding of wind-carried quartz. 
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Surface character of fragments. To compare smooth and rough surfaces of the same 
material and on fragments of the same size and shape, the 1-inch wooden blocks of 
the second shape (Fig. 3 B') were stamped with a pattern of embossed ridges on some 
faces, embossed squares on others (Fig. 3). This was done by squeezing them ina 
vise between ribbed {metal plates, thus pressing grooves into the wood without 


TABLE 9.—A ngles of repose of machine-sieved heavy sand 
20 measurements for each size. 


Distribution of individual measurements 
Mesh | fyerage 

| 
Heavy Sand* 115**| 34.76 | 4] 11! 5§ 
“New Jersey” Sandf s 35.13 10 | 10 
Heavy Sand 60 34.97 2 4; 8] 6 
“New Jersey” Sand 35.36 2 

Heavy Sand 32 35.55 21 

“New Jersey” Sand 36.28 | 1 


* Composed of garnet (sp. g. 3.5) and magnetite (sp.g. 5.0). 

¢ Composed mainly of quartz (sp.g. 2.65) and feldspar (sp.g. 2.57). Figures included here 
for comparison. 

** All measurements are “on mesh.” Diameters of openings in meshes are: Mesh 32, 0.0195 in.; 
Mesh 60, 0.0097 in.; Mesh 115, 0.0049 in. 


removing any material. On surfaces parallel to the grain of the wood it was possible 
to impress grooves (leaving embossed intervening ridges) parallel to the grain only. 
On surfaces cutting across the grain two sets of grooves at 90° to each other resulted 
in a pattern of embossed small rectangles. Results (Table 2) show that the rougher 
the surface, the greater is the angle of repose. Interlocking of the more numerous 
irregularities gives the fragments greater support, increasing the friction between 
them. This confirms the results of earlier workers. 

Density of fragments. For determining the influence of density, 2-inch wooden 
blocks were weighted by removing a cylindrical core of the wood from each block 
and filling the space with a plug of rolled steel. The bore hole was sealed smoothly 
with a plug of wood. The resulting block was substantially unchanged in size, 
shape, and character of surface, but its density was 2} times greater.6 The data 
(Table 2) for the 2-inch blocks show that the greater the density, the smaller is the 
angle of repose. 

This result is apparently corroborated by comparison of heavy sand (grains of 
garnet, sp. g. 3.5, and magnetite, sp. g. 5) with the “New Jersey” sand (mainly 
quartz, sp. g. 2.65, and feldspar, sp. g. 2.57). The heavy sands have the smaller 
angle of repose (Table 9). Since measurement of shape by the Knight method 
showed these two sands to have the same degree of sphericity, the difference in angle 


6 Due to an error in manufacture, the blocks that were to be weighted were made slightly smaller in diameter than the 
unweighted ones. This difference in size, if sufficient to have any appreciable effect on the angle of repose, would tend to 
minimize any difference in the angle of repose of weighted and unweighted blocks. As differences were observed despite 
the error, and as cost of manufacture was considerable, it was not deemed necessary to eliminate the small error by re- 
placing the defective blocks. 
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of repose is presumably caused by the difference in specific gravity, although the 
possibility that other variable factors have affected the results cannot be eliminated. 

Earlier workers have reached a variety of conclusions regarding the effect of 
density on angle of repose, probably because in the materials tested variation in 
density was accompanied by variations in some other factor or factors which might 
influence the angle of repose. According to Leblanc (1842), who compared lead shot 
with sand and various kinds of seeds, the angle of repose is independent of the 
density of the fragments. Thoulet (1887) concluded that the angle of repose varies 
directly with density. In the materials he used, crushed quartz and natural sand, 
there was little difference in density and no control over other factors. The mate- 
rials were not even of the same size. Auerbach (1901), comparing turnip and poppy 
seeds with lead shot of about the same sizes, concluded that the angle of repose varies 
inversely with density. Linck (1907) accepted this result, apparently without 
experimental corroboration. Because of the lack of control in these earlier experi- 
ments, their results cannot be regarded as thoroughly trustworthy. The experi- 
ments here recorded, based on a more complete isolation of the density factor, prob- 
ably reveal more truly the influence of density acting alone on angle of repose, namely 
that angle of repose varies inversely with density. Evidently, as in the case of 
increase in size of fragment, increase in density causes the pull of gravity upon the 
fragments to become relatively more powerful than the friction between them. The 
surface slope thus becomes gentler as the density increases. 

Since differences in the density of the common rocks are relatively slight, it is 
doubtful that variations in angle of repose on natural slopes can ever be traced to 
thisfactor. The influence would be so slight that the effects of other variable factors 
would be almost certain to mask it. 

Plan-view curvature of slope. If a slope has parallel slope lines (the shortest and 
steepest lines down a slope), as on a talus at the foot of a straight cliff, the mass will 
be plane in plan view and in horizontal cross section. If the slope lines diverge, as 
on the outer surface of a volcanic cone, the mass will be convex in plan view and in 
horizontal cross section. If the slope lines converge, as on the inner slope of a 
volcanic crater, the mass will be concave in plan view and in horizontal cross section. 
A surface convex in plan view has a lower angle of repose than a plane slope of the 
same material, and the shorter the radius of curvature the lower is the angle of 
repose. A surface concave in plan view has a greater angle of repose than a plane 
slope of the same material, and the shorter the radius of curvature the grvater is the 
angle of repose (Table 6). 

Plan-view curvature of slope affects the angle of repose because it determines the 
support available for the individual fragments. On a plane slope, half of each 
fragment at the surface is potentially available for contact with other fragments. 
On a slope convex in plan view, where less than half of each fragment is potentially 
in contact with others, the fragments receive less support and can more easily spread 
to form a gentler slope. On a slope concave in plan view, where more than half of 
each fragment is potentially in contact with others, the fragments are better wedged 
together and are therefore held at a steeper angle (Auerbach, 1901, p. 190-198; 
Exner, 1923). 
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Compaction. Conical piles of sand were made over the junction of two boards, 
as for the regular tests of angle of repose. The boards were then tapped sharply 100 
times from below, directly beneath the pile of sand, thus shaking the sand grains 
and packing them more closely. As a result the cone became lower and the slopes 
gentler. When the boards were pulled apart, however, the resulting slope of repose 
was noticeably steeper than in uncompacted sand (Table 6). The compaction 
evidently results in a closer interlocking between the grains, increasing the friction 
between them. They can therefore maintain a steeper slope. As far as is known to 
the writer, earlier workers did not consider this factor. 

Similar steepening of the slope was produced by dropping sand from greater heights 
and then separating the boards. In this case the greater compaction was caused 
by the impact of the falling grains. (See next section.) In nature this would be 
the most frequent cause for compaction of loose material. 

Height of fall. In investigating the influence of height of fall on angle of repose, 
free cones were formed by dropping sand from a funnel at heights of 3, 6, 9, and 
12 inches above the table. The resulting cones were convex upward at the top, 
although the convexity was much flattened when the height of fall and therefore 
the impact of the falling grains were great. At the base the slope was concave 
upward, the accumulation of grains gradually feathering out to nothing. The first 
sand grains to fall tend to bounce and scatter rather widely, the more so the greater 
the height of fall. Upon this widespread basal layer the later additions of sand pile 
up in a more concentrated mass. Only in the middle part, therefore, was the slope 
plane and suitable for measurement. Even in this plane part the variations in slope 
on different sides of the cone were marked (1-7° in these tests; see ‘“Methods of 
obtaining and measuring a slope of repose’). It was therefore necessary to make 
four measurements on each cone, and it was found impossible to get satisfactory 
averages of the results for comparative purposes. For this reason comparisons of 
slopes formed by dropping from different heights are not considered wholly con- 
vincing, but the figures indicate a tendency for the slopes to be lower when formed by 
dropping from greater heights. This confirms the results of earlier workers (Table 1). 
When, however, the piles of sand so formed were separated by pulling apart the 
boards on which they rested, the resulting slopes of repose were steeper when the 
height of fall was greater, evidently because of the greater compaction of the sand. 
Both of these effects were most marked in the coarsest material tested. This should 
be expected, since the larger the individual particles, the greater will be the force of 
their impact when they fall from a greater height (Tables 10 and 11). 

Inclination of base. When the base on which the sand was piled was inclined and 
its slope continued to the free edge over which the sand slumped (a condition rela- 
tively infrequent in nature), the resulting slope of repose became more gentle as the 
inclination of the base increased. Base slopes of 10, 20, and 25° were used (Table 12). 
The mass of sand resting on such an inclined plane is wedge-shaped, thinnest near 
the free edge and increasing in thickness up the slope (Fig. 5). The greater the 
surface angle of repose, the thicker the mass will be in its thickest part. The sand 
grains at the bottom of the pile are of course subjected to the pressure of the over- 
lying mass, and this pressure is greatest under the thickest part of the pile. For any 
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TABLE 10.—Height of fall, outer slopes of cones 
Machine-sieved “New Jersey” sand. 20 measurements for each size and each height of fall. 


Range* 
of Slope 
Degrees 


Distribution of individua! measurements 


Mesh 16f 


Mesh 60 


Mesh 115 


3” fall 


6” 


1?” 


3” fall 


6” 


3” fall 


6” 


Q” 


12” 


29-33 
29-32 
29-31 
28-35 
28-34 
28-33 
28-32 
28-31 
28-30 
27-34 
27-32 
27-31 
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* Because of variations in slope on different sides ot the cones, it was necessary to make 4 meas- 
urements on each cone. The range of these 4 measurements is given here. 
+ All measurements are “on mesh.” Diameters of openings in meshes are: Mesh 16, 0.039 in.; 
Mesh 60, 0.0097 in.; Mesh 115, 0.0049 in. 
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se 37-39 
mn 36-39 
35-38 
35-37 
ts 35-36 | 
d 34-39 
34-38 
34-37 
34-36 1 | 
34-35 
d 33-38 
>, 33-37 
32-39 | 1 bs | | 
32-38 | 1 | 
32-36 3 
e 32-35 1 2 
e 32-34 3 
32-33 
31-35 1 
31-34 2 2 
31-33 nk 1 
y 31-32 1 1 | 
f 30-35 1 
30-34 1 3 | 
30-33 3 
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given inclination of base there will be a maximum pressure under which the basal 
grains can remain at rest. The steeper the inclination of the base, the smaller this 
maximum pressure must be. If the pressure is increased, or if with constant pressure 
the inclination of the base is increased, there must be an outflow of the basal sand 


TABLE 11.—Height of fall, slumped slopes 
Made by separating cones formed by free fall. Machine-sieved ‘(New Jersey” sand used. 20 
measurements for each test. 


Average Distribution of individual measurements 
115| 3 | 35.15 | 10} 8 | 2 
«| 6 | 35.21] 719] 4 
«| 9 | 35.23] 69] 5 
« 12 | 35.26] 5/9] 6 
3 | 35.41] 
«| 6 | 35.50} 
9 | 35.52] 1 
«| 12 | 35.60] 3 
16} 3 | 37.31 1/4/4/6|3]2 
6 | 38.06 
9 | 38.43 
“| 12 | 38.96 2) 21 


* All measurements are “on mesh.” Diameters of openings in meshes are: Mesh 16, 0.039 in.; 
Mesh 60, 0.0097 in.; Mesh 115, 0.0049 in. 


grains from the thickest part of the pile, to reduce the thickness and therefore the 
pressure to the condition which is stable for the given inclination of the base. Such 
a reduction in thickness at the thickest part naturally reduces the surface angle of 
repose. 

When the sloping part of the base ended 2 inches back of the free edge (Fig. 5), 
the slope of repose was almost exactly the same as when the base was entirely hori- 
zontal (Table 12). Here the presence of the mass resting on the flat part of the base 
prevents slipping of the basal grains on the inclined base. It appears, therefore, 
that irregularities buried beneath a pile of loose material have no marked influence on 
the slope of repose. 

Although inclination of the base on which the material is deposited has been men- 
tioned as a factor possibly influencing angle of repose (Bargmann, 1895, p. 16-17; 
Behre, 1933, p. 623), the specific mode of influence has not previously been discussed. 

Amount of moisture in loose material. For the study of this factor, machine-sieved 
“New Jersey” sand of meshes 16, 60, and 250 was used. To 1 pint of sand, 1, 3, 
5, 7, and 9 ounces of water were added by means of a sprayer. When the sand was 
unsaturated (1, 3, or 5 ounces of water present) or just saturated (7 ounces of water), 
the resulting cone had irregular slopes, but where measurable they ranged from 


about 40-65°. 
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Nine ounces of water more than saturated the sand in each size, and the resulting 
cones were somewhat flatter, especially near the base. In pouring the mixture out, 
the excess water inevitably poured first, accompanied by sufficient sand to forma 
flat basal_layer with side slopes of 20° or less. The remaining sand, more orless 
nearly saturated, piled up on the basal layer in a lumpy, irregular, dome-shaped mass 
with side slopes generally somewhat gentler (30-40° or more) than in experiments 


A 


Ficure 5.—Cross sections showing inclination of base on which fragments rest 
(A) Inclined section of base ending some distance back of free edge over which fragments slumped toa slope of repose. 


(B) Inclined base continuing to free edge. 


with sand unsaturated or barely saturated. This was, however, an unstable condi- 
tion, which could hardly be long maintained in nature. A few taps on the board 
floor caused the irregular top mass to blend with the flatter basal layer, making a 
rudely lens-shaped mass with side slopes of about 20° (less across the broadly convex 
top of the lens). 

For free cones of loose material it thus appears that water up to the amount needed 
for saturation causes slopes to be steeper than for dry material of the same sort. 
Water beyond the amount needed for saturation tends to reduce the slopes. This 
confirms the results of earlier workers (Table 1). When sand is moderately moist 
an apparent (not true) cohesion is caused by the surface tension of the thin films 
of water. This surface tension holds the sand grains together. With an excess 
of water, however, the surface tension is broken, and the apparent cohesion is lost 
(Krynine, 1941, p. 172-173). Such a mixture of fragments and water behaves like 
a viscous material, and the conditions governing its movement are beyond the 
scope of this paper. 

Saturated sand showed no decrease in slope when boards bearing saturated sand 
were separated to form a slope of repose. Here the excess water readily drained 
away, leaving the mass barely or less than saturated. The resulting slopes were 
always irregular and steep, ranging from 60° to overhanging.” 

Moisture content is a factor which may vary from time to time for a given mass of 
loose material, causing variations in the angle of repose. It is well recognized that 
marked increases in moisture will increase the mobility of loose debris and therefore 
allow it to a slump to a lower angle of repose by means of mass movements of various 
types (Sharpe, 1938, and most discussions of landslides). Less well recognized is 
the fact that desiccation of moderately moist material, reducing the apparent 
cohesion, will likewise cause mass movement and produce a gentler slope of repose 
(Sharpe, 1938, p. 86; Leggett, 1939, p. 229; Ladd, 1934). 


7 Because of the extreme irregularity and variability of these slopes of wet sand (the range of slope was different for 
nearly every trial), it is impossible to prepare a tabulation of results which would have significant value. 
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ANGLE OF SLIDING FRICTION 
PURPOSE OF STUDY 


The angle of sliding friction is the angle of slope of an inclined plane at which 
an object resting on the plane will first begin to slide because of its own weight. 
This angle is determined by the amount of friction between the surface of the inclined 
plane and the object resting upon it. Since this amount of friction depends upon 
the surface character of both object and plane, and perhaps upon the size and density 
of the object, the angle of sliding friction varies greatly for different materials. The 
writer does not propose to make accurate determinations of the angle of sliding 
friction of a wide variety of materials, for many such results have already been pub- 
lished. (See for example Hodgman, 1939, p. 1314; Marks, 1941, p. 233-234; Rankine, 
1921, p. 211; Smithsonian Physical Tables, 1929, p. 154.) The present purpose is to 
determine the relation between angle of repose and angle of sliding friction, in order 
to test Lawson’s hypothesis for the weathering back of a mountain front in a “‘rain- 
less” region. Accordingly, tests of the angle of sliding friction were made only with 
wooden blocks aad traprock previously used for testing angles of repose. 


METHOD OF MEASURING ANGLE OF SLIDING FRICTION 


The equipment employed was the standard apparatus used in physics laboratories ~ 
for studies of friction, an inclined plane made of iron, with an attached scale of 
degrees from which the angle of inclination is read directly. On this iron plane were 
cemented: (1) a slab of traprock broken naturally but having an essentially plane 
surface in spite of its roughness in detail; (2) a smooth but unpolished slab of sawed 
traprock; (3) a highly polished slab of sawed traprock; (4) a slab of wood cut across 
the grain; slabs of wood cut parallel to the grain and placed so that they lay (5) 
with the grain at right angles to the slope; (6) with the grain parallel to the slope; 
(7) a polished slab of wood with the grain parallel to the slope. 

By turning a thumb screw the inclination of the plane could be increased or de- 
creased. But since such movement was inevitably more or less “‘jerky,” it was not 
safe to place an object on the plane and increase the slope until the object began to 
slide. An unexpected jerk might cause premature sliding. The most satisfactory 
method was to set the plane at a given angle and then carefully place the object on — 
the slope, gradually removing the hand from the downslope side. This procedure was 
repeated 10 times for each degree of inclination, beginning with the angle at which 
there was no sliding of the object and continuing degree by degree to the angle at 
which the object slid in all 10 trials. 


FACTORS THAT INFLUENCE ANGLE OF SLIDING FRICTION 


Size of sliding object. Trials with traprock of three sizes and with 1-, 2-, and 3-inch 
wooden blocks (Fig. 3A) indicate that the larger the sliding object, the lower is its 
angle of sliding friction (Tables 13, 14). Similar results have been reported by 
Holbrook and Fraser (1925, p. 43). In addition the thickness of the wooden blocks 
was varied without changing the area of contact with the plane. Here again the 
thicker and therefore larger and heavier blocks had the lower angle of sliding friction 
(Table 15). 
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Density of sliding object. Five 2-inch wooden blocks, one unweighted, the others 


weighted different amounts by the insertion of steel plugs of different sizes, revealed 
that the greater the density, the lower is the angle of sliding friction (Table 16), 
Surface character of sliding object and of plane. With both traprock and wooden 


TABLE 15.—Effect of area of contact on angle of sliding friction 


Wooden blocks on wood. Grain of block parallel to grain of base, both lying up and down slope- 
For each angle of inclination the block was placed on the plane 10 times. 


Aree of Weight Inclinations of of trials in which 
block, inches square’ | of block, 

— 1s | 16 | 17 | 18 | 19 | 20 | 21 { 22 | 23 | 2 | 25 | 26 
3X3X1 3 52.35 3/ 5| 7; 8] 9} 10 
3X3X2 3 96:90../- 0.4.4.4 3.75 9 
2x2x2 2 95.50t} 1/2) 4/6) 7); 9/10 


* Includes weight of 3 small blocks resting on test block. 
¢ Weighted by insertion of steel plug. 


TABLE 16.—Effect of density on angle of sliding friction 
Two-inch wooden blocks on wood. Grain of block parallel to grain of base, both lying up and 
down slope. For each angle of inclination the block was placed on the plane 10 times. 


| Inclinations of plane in degrees, and apni of trials in which block slid for 
Weight of block, grams oe 


| 
| 15 16 17 18 19 | 2 | 2 2 23 24 
40.90* 0 1 3 4 7 8 9 10 
69.95t 0 2 4 5 7 8 8 10 
95.55t¢ 0 1 2 4 6 7 9 9 10 
102.25¢ | 0 1 2 4 5 6 8 10° 
141.75t | 0 1 3 4 5 6 8 10 


* Unweighted. 
¢ Weighted with steel plug. 


blocks, polishing the surfaces resulted in a distinct lowering of the angle of sliding 
friction (Tables 13, 14). The influence of surface character is revealed also by the 
differences in results with wood placed with the grain in different relations to the 
slope. For blocks resting on a surface cut across the grain the angle of sliding fric- 
tion is very high (at the maximum tilt of the plane there was no sliding ); on surfaces 
cut parallel to the grain but with the grain lying across the slope, the angles are 
distinctly lower; while on surfaces cut parallel to the grain with the om lying 
parallel to the iene, the angles are still lower. 

Area of contact between object and plane. Wooden blocks weighing equal amounts 
but resting on sides 2 inches square and 3 inches square indicate that change in area 
of contact alone has no effect on angle of sliding friction (Table 15). 

It is widely recognized by physicists and engineers that the coefficient of friction 
and therefore the angle of sliding friction (the tangent of this angle equals the coeffi- 
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cient of friction) vary directly with the degree of roughness of the surfaces in contact 
and are relatively independent of the area of contact. With regard to these two 
factors the present study confirms the results of other workers. With regard to the 
influence of size and density of fragments, it is difficult to discover what is the con- 
sensus. One of the laws of friction formulated by C. A. Coulomb in 1781 and later 
confirmed by A. J. Morin in 1834 and by others was that the coefficient of friction 
is independent of the intensity of the normal pressure (and therefore of the size and 
density of the sliding object). This law has been widely accepted (see for example, 
Caswell, 1929, p. 211; Frye, 1913, p. 517; Hobbie, 1936, p. 104; Knowlton, 1928, 
p. 40), but some recent workers (see for example, Merriman and Wiggin, 1930, p. 132; 
Pender, 1922, p. 569) have questioned its universality and state that the coefficient 
of friction is definitely influenced by the pressure between the surfaces, although the 
exact effect is not specified. According to the experimental results here presented, 
the angle of sliding friction and therefore the coefficient of friction decrease with 
increased size or density of the sliding object. 


SOME GEOMORPHIC APPLICATIONS 
GENERAL CONSIDERATIONS 


Introductory statement. The occurrence of land forms exhibiting slopes of repose 
requires the existence of masses of loose material in a situation that will permit the 
maximum steepness of slope. 

Conditions favoring accumulation of loose material. Masses of fragmental material 
may be produced by fluvial, eolian, and glacial deposition; ejection of fragments by 
explosively erupting volcanoes; and weathering, the debris accumulating in situ 
or being moved by gravity and accumulating at the bases of steep slopes. 

Conditions favoring development of a slope of repose. Given a mass of fragmental 
material of one of the above origins, the development of a slope of repose requires 
one of two conditions. If the fragments are continually accumulating more rapidly 
than they can be removed by weathering or erosion, they will pile up to the steepest 
possible slope. This is the situation on actively growing or recently formed cinder 
cones, sand dunes, and talus slopes. On the other hand, in masses of material 
deposited long ago and now no longer growing, slopes of repose may be produced by 
removal of support from the pile. Kames, eskers, and other deposits supported in 
part by ice lose this support when the glacier melts, and as a result the sides of such 
deposits, unable to maintain their original shape, slump to a slope of repose. If 
masses of loose material are undercut by stream or wave erosion or by artificial 
excavation, they will steepen until they reach the slope of repose, after which further 
undermining will produce unstable conditions and the material will slide to restore 
the slope of repose. 

The influence of the time factor must not be forgotten. Whatever the origin of 
the fragmental material and the cause of development of the slope of repose, that 
slope will be at its maximum steepness only in its youth. Once the addition of 
material or the undermining or other loss of support ceases, weathering and erosion 
will begin their work of reducing this slope to a plane. (See “Necessity for Con- 
trolled Experimental Study.’’) 
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Some examples of the application of these experimental results to geomorphic 
features follow. 


WEATHERING BACK OF A MOUNTAIN FRONT IN A “RAINLESS” REGION 


The weathering back of a mountain front in a hypothetically “rainless” region 
has been described by Lawson (1915, p. 23-25): Assume a steep mountain front 


Ficure 6.—Weathering of a mountain in a “rainless”’ region 
“Under rainless conditions a mountain face OR would be reduced to OPRi, the lower curved part OP being buried in 
talus OSP. The combined rock and talus slope SPR: is the unchanging profile under the assumed conditions.” (After 
Lawson.) 


such as would be formed by faulting. As the mountain front weathers, disintegrated 
fragments fall off and accumulate at the foot as talus. 

“(As the latter grows it maintains the constant slope of repose of loose material; but its upper edge 
encroaches upon higher and higher parts of the battered scarp. While this encroachment is in prog- 
ress the batter of the scarp approaches the slope of the talus; and when the two coincide the combined 
slope of the battered scarp and talus becomes the final, unchanging mountain front. The talus 
ceases to grow and the rock slope above ceases to diminish, the loose fragments on both lying at the 
limiting angle at which gravity will move them.” 

In this discussion and the accompanying diagram (present paper, Fig. 6) Lawson 
implies that the angle of repose of the talus and the angle of sliding friction on the 
still exposed mountain front have the same value. The experimental studies here 
recorded indicate that, although both angle of repose and angle of sliding friction 
vary inversely with size and density of fragments and directly with their surface 
roughness, for any one material the angle of sliding friction is lower than the angle 
of repose. (See “Summary”.) Moreover, the imperfect sorting usually character- 
istic of natural talus still further steepens the slope of repose for any given size of 
fragments, increasing the contrast between the two angles and even reversing the 
effect of size on angle of repose. It seems likely, therefore, that if in a “ainless” 
region the battered mountain scarp were reduced to the angle of sliding friction, 
the “limiting angle at which gravity will move” fragments resting on it, this angle 
would vary inversely with the size of the fragments and would be definitely lower 
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than the angle of repose of the talus at the foot of the scarp, provided the latter 
angle is still at its maximum value. Even in a “rainless” region creep could make 
the slope of the talus more gentle if additions of loose material were infrequent. In 
any case the steepness of the talus slope would probably vary directly with the size 
of the fragments. 


TALUS SLOPES 


A talus, the accumulation of relatively coarse rock debris at the foot of a cliff, 
seems at first thought to be one of the most obvious natural examples of the slope of 
repose of loose material. Actually the slope of a talus is usually lower than the slope 
of repose for the given conditions (Bargmann, 1895, p. 17; Behre, 1933, p. 623; 
Davis, 1909, p. 267; Jeffreys, 1932; Sharpe, 1938, p. 30). Only if there is a constant 
and abundant supply of rock waste from above may the slope be kept near the maxi- 
mumangle. Thisis probably why talus cones, marking a definite center of accumula- 
tion, have noticeably steep slopes. Within short distances, however, the rate of 
deposition may vary and cause marked differences in the angle of repose (Bargmann, 
1895, p. 17). If the talus is no longer being fed from above, its slope will be slowly 
but constantly lowered by weathering and creep acting over long periods of time. 
Even over short periods, increases in the amount of water in the debris may make | 
the slope unstable, producing slides which reduce the angle of slope more rapidly 
(Behre, 1933, p. 623-624). For these reasons, and because of the nonuniformity of 
the fragments, especially with regard to size, sorting, and shape, it is possible to make 
only very general statements about the factors influencing the angle of slope of a 
given talus. In most cases the shape and surface character of the fragments exert 
the most marked influence on the angle of slope (Piwowar, 1903, p. 355-356), these 
factors in turn depending on the structure and texture of the rock. Massive, coarse- 
grained, angular, or rough fragments form steeper slopes, while rounded, slaty 
schistose, fine-grained, or smooth rocks form gentler slopes. 

Not only is the angle of slope of a talus not uniform over a period of time, but it 
is usually not uniform from top to bottom at any one time. Most talus slopes are 
reported to be concave in vertical profile (Bargmann, 1895, p. 16; Behre, 1933, 
p. 625-626; Crawford, 1913, p. 36; Marr, 1900, p. 96; Milne, 1879, p. 507; Penck, . 
1924, p. 76; Piwowar, 1903, p. 337; Thoulet, 1887, p. 50-51). Various factors may 
contribute to this concavity. Often it is associated with a crude sorting of the 
fragments. The rough surface of the talus offers many irregularities which may 
check the movement of the small fragments before they have gone very far. In rela- 
tion to the size of the large fragments these irregularities are less significant as 
obstacles, and the large fragments therefore have a relatively smoother path 
(Mitchell, 1937, p. 17). For this reason and because of their greater mo- 
mentum they can move farther. The finer material is thus concentrated on the 
steeper upper slopes, while the larger fragments are concentrated on the lower 
gentler slopes. If size of fragment alone controlled the angle of slope, this would 
be the normal relationship. Penck (1924, p. 76) and Thoulet (1887, p. 51) .xplain 
the concavity in part in terms of this relationship. It is doubtful, however, that 
the variation in angle of slope is caused by the contrast in size of fragment, for the 
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sorting is relatively crude, and there is still a considerable mixture of sizes which 
tends to offset or reverse the normal influence of size. The steepness of the upper 
slope may be caused by the more constant refreshing of this part by frequent addi- 
tions of material. As the larger fragments, with their greater momentum, move 
past the middle of the slope they may dislodge and carry away with them some of 
the finer material which by itself would remain at rest there (Thoulet, 1887, p. 51), 
Such removal of material from the middle slope and its addition to the lower part 
of the pile would aid in developing a vertically concave profile. When the larger 
fragments reach the foot of the slope, their continued downward path is checked by 
the floor on which the pile rests. Instead of continuing to build up the slope at its 
former angle, they are forced to come to rest in front of the main pile as a sort of 
apron. The basal concavity is therefore in part a response to the presence of a 
limiting floor. This interpretation is supported by the absence of such a basal 
concavity on the experimental slopes formed by the slumping of material over a 
free edge. Here the excess fragments at the base can drop off instead of building 
out in front of the main slope. When, however, sand was dropped from varying 
heights onto a flat floor, the slopes of the resulting cones were always more gentle 
at the base, and there was a rather wide scattering of grains beyond the definite edge 
of the cone. 


CONVEXITY OF DIVIDES 


According to Gilbert’s Law of Divides (Gilbert, 1877, p. 116), the slopes of an 
eroded region are concave upward and steepest near the divide. Hilltops composed 
of unconsolidated materials (and sometimes hilltops composed of bedrock) are, 


however, upwardly convex in profile. Davis (1892), Gétzinger (1907), and Gilbert | 


(1909) attribute this convexity to creep. On hilltops, where the work of running 
water is insignificant, creep is the dominant agent of denudation. Material is 
constantly being removed from the hilltop by creep, and since there is no addition 
from above, the hilltop is lowered and widened. This process would produce con- 
vexity not only on divides made of loose material, but also on rock divides only 
thinly mantled with soil, for the continued removal of the soil cover from the divide 
would allow more rapid weathering of the bedrock here than on the flanks of the 
hill, thus lowering and rounding the divide. Hicks (1893) attributes the convexity 
merely to weathering and states that the normal profile produced by weathering is 
convex upward. Fenneman (1908), Chamberlin and Salisbury (1909), and Lawson 
(1932) believe that the change from a convex profile at the divide to a concave profile 
farther down slope is due to the difference in the behavior of running water in rain- 
wash and in streams. Rainwash, flowing in sheets or rills of small volume, has a 
small carrying capacity but is always in contact with an abundance of loose material 
in the soil. The water is therefore always loaded to capacity. As they go down- 
slope, these films and rills unite, increasing in volume, and are therefore able to carry 
a larger load. This increased removal of material steepens the slope and produces 
a profile convex upward, provided there is no fixed base level, as, for example, on 
the side of a valley being rapidly deepened. When, farther downslope, these rills 
have grown to the size of streams, the volume and carrying capacity are so much 
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greater in proportion to the available load that the water is underloaded and there- 
fore forms slopes that are concave upward.® 

From the experiments here reported and from those of Auerbach (1901, p. 190-198), 
it appears that when divides are made of loose material their upward convexity is a 
natural equilibrium form of the loose material. Since it is just as characteristic of 
a pile of sand made artificially as of a natural hilltop made of loose material, there is 
no need to seek a process of denudation to explain it. It is a normal and immediate 
response to the relation between friction and gravity. At the crest of a ridge or 
the top of a cone, the potential surfaces of contact between grains become so small 
that friction between them is decreased, and the grains slump to a lower angle, 
rounding the crest and making it convex upward. It will be remembered that for 
the same reason slopes convex in plan view are less steep than those that are plane 
in plan view. The greater the plan view convexity (the less the radius of curvature), 
the gentler will be the slope. On a cone, since the radius of curvature decreases 
upward, the slope also should rez~'arly decrease upward. Actually, the decrease 
in slope is present only near the top, thus adding to the convexity of the hilltop. 
Here the more gentle slope resulting from the slump of the unsupported grains can- 
not be renewed, as there is no higher source of material. In the middle and lower 
parts of the slope, slumped material from above accumulates, building up the slope 
and keeping the angle constant. 

Convex tops are characteristic of many volcanoes also, as has been pointed out by 
Anderson (1903; 1917) and Linck (1907), and as may be seen in many photographs 
of volcanic cones, (See for example, Shippee, 1932, Figs. 3, 18; Hinds, 1943, p. 246; 
Lobeck, 1939, p. 648, 652.) We are here concerned, of course, with cones made 
chiefly of fragmental material, not with the dome-shaped cones made of acid lava. 
If lava flows are present, they may bind together cnd strengthen the fragmental 
material sufficiently to permit increasingly steep slopes right to the top of the cone. 
Often, however, the concavity which is so widely accepted as characteristic of vol- 
canoes is present not at the top of the cone, but only on the middle and lower slopes. 
Here it may be in part a primary feature of the cone, like the concavity character- 
istic of talus piles, resulting from the interference of the floor and the varying dis- 
tances to which the falling fragments roll. Such a convexo-concave profile of a 
volcanic cone has been called a curve of probability (Linck, 1907, p. 101). When 
fragments are hurled into the air by a volcanic explosion the probabilities are that 
most of them will accumulate near the vent, building up the central part of the cone. 
Toward the crater the amount of accumulation decreases, producing a convex sur- 
face form. Away from the center, the probabilities of accumulation also decrease, 
and near the margin of the pile they decrease ever more rapidly, for only a few 
fragments, having a greater momentum than the others, will be able to roll farther 


5 Penck’s concept of convex, concave, and straight slopes produced by waxing, waning, and uniform rates of uplift- 
(aufsteigende, absteigende, and gleichférmige Entwicklung) does not properly belong in this discussion, for he w2s con- 
cerned chiefly with slope forms (rather than divide forms) cut in bedrock (not made of loose debris). If the siopes of a 
hillare convex, inevitably the divide will be convex, and in this case Penck explains the convexity of the divide in terms 
of the rate of uplift. When the slopes are straight or concave the convex divides, which Penck recognizes as a widespread 
feature, need some other explanation. He attributes them to more rapid weathering and erosion of the bedrock on the 
exposed hilltops than on the hillsides, which are more protected by debris. Thatis, even in these cases he is dealing with 
convex rock farms, not debris forms. 


h 
er 
i- 
e 
of 
T 
y 
f 
| 


702 ANASTASIA VAN BURKALOW—ANGLES OF REPOSE AND SLIDING FRICTION 


out. The surface form at the base of the pile is therefore concave. Cotton (1942, 
p. 383) suggests that the upper slopes are steeper because they are made of the coarser 
fragments, which fall close to the crater, while the finer material which falls farther 
away forms gentler slopes. In part, however, the concavity is probably a secondary 
feature. Stream erosion on the side slopes should develop a concave profile. In 
addition, gentle slopes marginal to the cone itself and producing a basal concave 
profile might be formed by lava flows, alluvial fans, or the accumulation of material 
brought from the cone slopes by landslides and mudflows (Cotton, 1942, p. 383-384), 


INFLUENCE OF SIZE OF FRAGMENTS ON NATURAL SLOPES 


The experiments here recorded indicate that in perfectly sorted material the angle 
of repose varies inversely with the size of fragments. Because of its relative weak- 
ness, however, the true effect of size is seldom if ever observable in nature. The 
opposite relationship, angle of repose varying directly with size of fragments, has 
been reported by numerous students of the subject (Table 1) and is stated in several 
general textbooks (Giekie, 1885, p. 159; Grabau, 1924, p. 540; L. C. King, 1942, p. 17; 
Lobeck, 1939, p. 81; Norton, 1905, p. 23). It is indeed the only relationship between 
fragment size and angle of repose that is mentioned in textbooks. The general 
impression that coarser materials form steeper slopes has therefore gained currency. 
In many cases this relationship is probably a response to the imperfect sorting of the 
material, a condition usual in natural accumulations of rock debris. Even the best- 
sorted natural deposits, such as the St. Peter sandstone, are not perfectly sorted. 
One size may predominate, but always small amounts of other sizes are present. 
Sometimes the steeper slopes may be a response to a more angular or less spherical 
shape of the larger fragments, as in the case of the largest size of lead shot tested in 
this study. (See “Size of fragments.”) 

Not all slopes made of fragmental material or partly mantled by it are slopes of 
repose, however, and, when they are not, the coexistence of large fragments and steep 
slopes must be explained in some other way. If the slope is a graded slope of trans- 
portation by rainwash, the larger fragments will of course, other things being equal, 
require a steeper slope for their movement than do the smaller fragments. That is, 
large fragments produce a steep slope. Here again the steepness will vary directly 
with the size of fragments, although such slopes are usually much more gentle than 
slopes of repose. In some cases, however, the larger fragments may be a result of 
the steep slope rather than a cause of it. This is especially true of rock slopes only 
partly mantled with loose debris. In such cases, on steep slopes small fragments 
are rapidly removed by rain and rill wash, leaving a residue of still unweathered 
large pieces. On gentle slopes the fine material moves more slowly, tending to 
remain more or less in place and thus reducing the average size of fragments resting 
on the slope. 

On mountain sides in arid regions a direct relation between steepness of slope 
and average size of the rock fragments mantling it has frequently been noted (Law- 
son, 1915, p. 30; Bryan, 1922, p. 38; 1925, p. 80; P. B. King, 1931, p. 27; Gilluly, 
1937, p. 327; Howard, 1942, p. 17-24). Lawson expressed this relation in his much 
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quoted law: “The hard-rock slopes of desert ranges which shed large spauls are steep, 
while those which shed small fragments have a low angle.” If these slopes are slopes 
of repose, as suggested by Bryan (1925, p. 83) and P. B. King (1931, p. 27), this is 
the expectable relationship. Locally on these mountain slopes there may be accu- 
mulations of rock fragments that stand at the angle of repose. Considerable parts 
of the slopes are, however, either bare or only thinly mantled with rock fragments, 
and yet here too the larger fragments are found on the steeper slopes. That is, 
rock masses which, because of widely spaced joints, shed large fragments have 
steep slopes, while those which, because of closely spaced joints, shed small frag- 
ments have more gentleslopes. Here it seems unlikely that the large fragments cause 
the steep slope, or that the steep slope causes the large fragments, but rather that 
both are controlled by the spacing of the joints. Assuming that the base of the 
mountain is occasionally undercut by lateral erosion of the streams issuing from it 
(Johnson, 1931; 1932a; 1932b), the steepness of the mountain front will be deter- 
mined by the relative importance of such undercutting compared with the weather- 
ing of the mountain slope. Other things being equal, rock broken by widely spaced 
joints (and therefore shedding large fragments) should weather more slowly than 
similar rock cut by closely spaced joints. The steepening of the slope caused by 
stream undercutting should therefore be more prominent and longer retained in ~ 
the former rock. 


SUMMARY 


The angle of repose of loose material represents a condition of balance between 
the friction between fragments, tending to hold them in a higher position, and the 
pull of gravity upon them, tending to pull them to a lower position. For any of the 
factors considered, a change that will increase the relative importance of friction or 
decrease the relative importance of gravity steepens the slope of repose. A change 
that reduces the relative importance of friction or increases the relative importance 
of gravity causes the slope of repese to become more gentle, 

The results of this experimental study of the factors which determine the angle 
of repose are here summarized. All of these conclusions except the tenth refer to 
dry material. 

(1) Size of fragments. The angle of repose varies inversely with size of fragments. 
That is, the larger the fragments, the more gentle is the slope of repose. The influ- 
ence of size appears to be weak and is evident only in perfectly sorted material. 

(2) Mixture of sizes. When coarse fragments have an admixture of fines some 
cohesion is developed in the mass, steepening its slope of repose. In imperfectly 
sorted material, therefore, the larger the average size of the fragments, the steeper 
is the slope of repose. 

(3) Shape of fragments. The more nearly spherical the fragments, the more 
gentle is the slope of repose. Among irregular shapes, the more rounded are the 
fragments, the more gentle is the slope of repose. 

(4) Surface character of fragments. The smoother the surface, the more gentle 
is the slope of repose. 
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(5) Density of fragments. The greater the density, the more gentle is the slope 
of repose. 

(6) Plan-view curvature of slope. Slopes convex in plan view are gentler than 
plane slopes, while slopes concave in plan view are steeper. In either case the 
effect of curvature becomes more marked as the radius of curvature decreases. 

(7) Degree of compaction. Increased compaction of loose material steepens the 
slope of repose. 

(8) Height of fall of fragments. Increased height of fall reduces the slopes of 
freely formed cones, but increases the slumped slope of repose formed by separating 
such cones. 

(9) Inclination of base. Irregularities in the base buried beneath the pile of 
loose material have no influence on the angle of repose unless the buried slope con- 
tinues all the way to the free edge over which the material slumps. In that case, 
increased slope of the floor decreases the overlying slope of repose. 

(10) Moisture. Water up to the amount needed for saturation steepens the slope 
of repose. Water beyond the amount needed for saturation reduces the slopes of 
free cones but does not reduce slumped slopes, for on the latter the excess water 
drains away, leaving the mass merely in a saturated, not an over-saturated, condition. 

The angle of sliding friction, like the angle of repose, varies inversely with the 
size and density of the fragments and directly with their surface roughness. Both 
angles are determined by the balance between friction and the pull of gravity. In- 
creasing the size or density of the fragments increases the relative value of the pull 
of gravity on each fragment, as compared to the influence of friction. Asa result the 
angle is lowered. When surface roughness is increased, the greater friction of course 
increases the angle. 

For the same material, however, the angle of sliding friction is distinctly lower 
than the angle of repose, as may be seen in the following table. 


Angle of 

Angle of repose sliding friction 


A single fragment resting on an inclined plane receives no outside support. Its 
stability depends entirely on the relative influence of friction and gravity. The same 
fragment included in a pile of similar fragments does not rest upon a smooth inclined 
plane, but upon the surfaces of its fellow fragments, which are tilted in various direc- 
tions and at varying angles. Because of such variation in attitude of the supporting 
surfaces, the fragments find stable resting positions and pile up to form a mass whose 
surface slope is greater than the angle of sliding friction of any individual fragment 
in the mass. 

The purpose of the study was not to solve specific geomorphic problems but to 
demonstrate general relationships concerning: (1) the ways in which the angle of 


® Ofall the artificial materials tested, the C-O blocks alone showed a consistent increase in angle of repose with increase 
in size of fragments. This appears to be an example of the dominance of shape over size. (See ‘Size of fragments.”) 
Moreover, these averages mean little, as the range of variation was so great. 
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repose is influenced by the properties of fragmental material and the conditions 
under which it accumulates; and (2) the relative values of the angle of repose and 
the angle of sliding friction for the same material. These general relationships, once 
made clear, can then be used as they may be needed in the solution of geomorphic 
problems. Some examples of such application are here suggested. 
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